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University of Washington
Abstract

Late Glacial and Holocene Fire History in the Southcentral Brooks Range, Alaska: Direct
and Indirect Impacts of Climatic Change on Fire Regimes

Philip Edward Higuera

Chair of the Supervisory Committee:
Professor Linda B. Brubaker
College of Forest Resources

Fire-history records have important implications for understanding the controls
of modern and future fire regimes in arctic and boreal Alaska. Charcoal in lake sediments
provides a means to reconstruct past fires across different climatic and vegetational
periods in this region, but interpreting charcoal stratigraphy is challenging because little
information exists linking charcoal production to charcoal accumulation in sediment
cores. | present a numerical model that simulates the major processes in this pathway and
illustrate its use as a tool to evaluate the assumptions of charcoal dispersal and
taphonomy and the merits of different approaches for analyzing charcoal records. This
model suggests that existing assumptions of charcoal dispersal distances are too
simplistic but supports the use of current analytical techniques for decomposing charcoal
series to infer local fire occurrence. I also use lake sediment records to reconstruct fire
return intervals (FRIs; the inverse of fire frequency) across a 150 km-wide study area in
the southcentral Brooks Range of Alaska over the past 15,000 years. Fossil pollen,
stomata, and modern analog analyses document four major shifts in vegetation over this
period. At millennial time scales, fire-regime changes showed greater correspondence to
changes in vegetation than to changes in inferred climate. For example, FRIs increased
with climatic warming associated with a shift to deciduous forest c. 10,500 years ago, and
FRIs decreased with climatic cooling associated with the development of the modern
boreal forest c. 5500 years ago. These patterns suggest that vegetation strongly mediated

the direct impacts of millennial-scale climatic change by modifying landscape






flammability. Within the boreal forest period (5500-0 years ago), fire histories reveal
varying sensitivities of the fire regime to moisture and/or temperature changes. A subtle
but statistically significant decrease in FRIs is associated with a shift from drier to
moister conditions 2700 years ago; fire regimes were insensitive to a climatic shift c.
1200 years ago; and mean FRIs increased by 50% with the onset of Little Ice Age cooling
450 years ago. These varying responses emphasize the need for a rigorous understanding
of climatic and non-climatic variables to anticipate fire regimes under future climatic

scenarios.
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CHAPTER 1. BACKGROUND, MOTIVATION, AND OVERVIEW

Arctic and boreal regions of Alaska stand in sharp contrast to more populated
lower latitudes of North America. Vast areas are roadless, grizzly bear and wolf still
populate the landscape, and wildfires burn largely unsuppressed (Bureau of Land
Management 2005; Fig. 1.1, 1.2). Between 1950-2004, Alaskan wildfires burned about
344,000 haannually (Alaska Fire Service 2005; Fig. 1.3), an area larger than the state of
Rhode Island. Alaska and other arctic and boreal regions of the world also differ from
lower latitudes in their sensitivity to recent and predicted climate change (IPCC 2001).
Models of future climate (Al1CI 2004) and recent observations (Serreze et al. 2000)
indicate that the earliest and most pronounced warming due to increased atmospheric
CO, concentrations will occur in northern high latitudes. Biologica and physical
responses to recent warming in Alaska are becoming clearer with each passing year: e.g.
boreal forest expansion, increased shrub densities in tundra, deeper permafrost thawing,
and longer snow-free seasons (see Hinzman et al. 2005 for areview). In the boreal forests
of Canada, annual area burned has increased over the past 50 years (Stocks et a. 2002),
and the record-setting 2004 fire season in Alaska (2.7 million ha burned representing
14% of the total area burned since 1950; Fig. 1.3) is consistent with this trend.

The magnitude of predicted warming, plus the impacts of fire on vegetation
(Dyrness et al. 1986, Bonan 1989, Johnson 1992), the global carbon cycle (Harden et al.
2000) and human livelihoods (Chapin et al. 2003), motivate studies of the effects of
climatic change on fire regimesin arctic and boreal regions. These effects are often
depicted by a smple conceptual model of climate-vegetation-fire relationships (Fig. 1.4).
Climate directly impacts the probability of fire ignition and spread by influencing relative
moisture, lightning, and wind patterns. Climate indirectly influences the probably of fire
through its control of vegetation assemblages over large spatial and temporal scales. The
understanding of these interactions will inherently benefit from the perspective of historic
studies. For example, interpretations of Alaskan fire datafrom 1950-2001 (Kasischke et
al. 2002; Fig. 1.2) emphasize that fire regimes are controlled primarily by mean summer
temperatures and precipitation, and secondarily by vegetation (Fig. 1.4 a). This short-

term view predicts that annual area burned in boreal forests will increase with future
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warming and drying (Flannigan et a. 2005). On the other hand, reconstructions of fire
regimes over longer time periods (e.g. Lynch et al. 2002, Lynch et a. 2004b) suggest that
vegetationa change can strongly modify direct climatic impacts on fire regimes through
changesin landscape flammability (Fig. 1.4 b). In this scenario, fire occurrence may
depend more strongly upon the nature of vegetation (i.e. fuels) rather than the climatic
conditions necessary for fire (i.e. drying, ignitions, winds).

These two perspectives of fire-climate-vegetation interactions are not mutually
exclusive. However, one perspective may be more realistic than the other depending on
the spatial or temporal scale considered, because climatic (e.g., weather) and vegetational
(e.g., fuels) effects vary across time and space (Fig. 1.5). At short time scales and small
spatial scales (i.e. days to decades, stands to landscapes; dashed linesin Fig. 1.5),
climatic (weather) variability may be more influential than vegetational change, but at
longer time scales and over larger spatial scales (i.e. centuries to millennia, landscapes to
regions; solid linesin Fig. 1.5) both climate and vegetation can strongly influence fire
regimes. Studies on the modern landscape tend to focus on processes operating at short
time scales but over broad spatial scales. In contrast, paleoecological studies tend to focus
on processes operating over long time scales, but at smaller spatial scales (Fig. 1.5).

The overall goal of my dissertation research isto improve the current
understanding of direct and indirect impacts of climatic change on fire regimesin Alaska.
| use a pal eoecol ogical approach to reconstruct fire and vegetation history over the past
15,000 years in the southcentral Brooks Range, where historic fire regimes are poorly
understood. The paucity of fire history recordsin this region and generally across Alaska
reflects the difficulty of reconstructing fire history in systems with infrequent, stand-
replacing fires. Only recently has macroscopic charcoal in lake sediments been used to
quantify millennial-scale fire history in Alaskan and Canadian boreal forests (Carcaillet
et a. 2001a, Lynch et al. 2002, Lynch et al. 2004b). These studies, along with others
from non-boreal regions have helped develop analytical techniques for inferring past fire
occurrence based on the identification of charcoa peaks in sediment records (see
Whitlock and Anderson 2003). This approach is virtually the only tool available for

inferring historic fire regimes in arctic and boreal landscapes.



Chapter 2 focuses on the use of sediment charcoal records as atool for
reconstructing fire history. Despite the increased use of charcoal records to interpret past
fire regimes, the field of charcoal analysis still struggles with fundamental questions
about the spatial scale of these records, ways to analyze charcoal stratigraphy, and the
accuracy of inferred fire histories. To improve the current understanding of processes
creating sediment charcoal records, | developed a numerical model that simulates fire
regimes, charcoa dispersal, and charcoal taphonomy. The model isthe first of its kind
and offers a means to assess key assumptions of charcoal analysis and the merits of
different analytical techniques. By placing realistically-sized fires on alandscape and
making basic assumptions about charcoal dispersal, the model illustrates that charcoal
accumulation in alake mainly reflects area burned within the charcoal source area, and
that variability in charcoal peak heights can be explained largely by the size of charcoal
source areas relative to the size of fires. The model produces records similar in
appearance to sediment-charcoal records from Alaskan boreal forests, and based on this
similarity, | suggest that charcoal source areas are larger than previoudy inferred from
experimental dispersal data but consistert with charcoal dispersal from wildfires. | further
illustrate how sediment mixing, sediment sampling, and analytical techniques that isolate
charcoa peaks emphasizesfire occurrence at smaller spatial scales, despite long-distance
charcoal dispersal.

Chapter 3 focuses on late-glacial and Holocene fire and vegetation history in the
southcentral Brooks Range, reconstructed based on charcoal, pollen, and stomatain the
sediments of four lakes. | take advantage of previous interpretations of climatic and
vegetational history in the region to infer the direct and indirect impacts of climatic
change on fire regimes. Over the past 15,000 years, millennial-scale climates have
included awide range of temperature and moisture conditions, and vegetation
assemblages have varied from tundra to deciduous and evergreen forests. | present a
method to objectively identify charcoa peaksin sediment recordsto infer local fire
occurrence and apply this to each of the four records. Based on estimated fires, |
characterize regimes with the distribution of fire return intervals (FRIs; the inverse of fire

frequency) within each vegetation zone, and | statistically compare these regimes using a
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likelihood ratio test. Reconstructing fire history across past changes in climate and
vegetation provides insights into both the fire ecology of arctic and boreal systems and
their potential response to future climate change. The findings of Chapter 3 specificaly
point to the importance of vegetation in modifying the direct impacts of climatic change
on fire regimes.

Chapter 4 addresses changesin boreal fire regimes associated with shiftsin
temperature and/or relative moisture over the past 5000 years. | quantify fire regimes at
four lakes using the same methods as in Chapter 3, and | compare fire regimes between
independently documented climatic zones. | employ a method for pooling fire-history
data that allows detection of subtle changesin fire regimes at millennial and centennial
time scales. The pooled fire-history dataset indicates that boreal forest fire regimes were
sensitive to certain climatic changes over the past 5000 years, but insensitive to others.
Inferences into the mechanisms behind these changes are limited by a poor understanding
of past sub-centennial climate variability. Additional records of climate, fire, and
vegetation at fine spatial and temporal scales are required to advance the understanding
of climatic influence on fire regimes over the past 5000 years.

Overal, my dissertation research has important methodol ogical implications for
reconstructing fire regimes with sediment charcoal records and provides the first
quantitative records of fire history in interior Alaska over the past 15,000 years. The
patterns of fire history in the region suggest the importance of both direct and indirect
influences of climatic change on fire regimes. With additional records from central
Alaska, the results here should contribute to a rigorous understanding of the direct and
indirect effects of climate change on arctic and boreal fire regimes.



Figure1.1. The Erickson Creek Fire, an unsuppressed fire burning across the Dalton Highway in June
2003.
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Figure 1.3. Annua areaburned in Alaska based on observationa records maintained by the Alaska Fire
Service. The horizontal line is the1950-2004 average of 344,000 ha.
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Figure 14. Simplified model of direct and indirect pathways for climatic changesto impact fire regimes.
The arrow width represents the importance of each pathway. (a) Fireiscontrolled more by climatic than
vegetational changes, asin the modern boreal forest, for example. (b) Fireis controlled more by
vegetationd changes, asin the fuel -limited ponderosa pine forests of the southwestern U.S., for example.
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CHAPTER 2: UNDERSTANDING THE ORIGIN AND ANALYSISOF SEDIMENT-CHARCOAL
RECORDSWITH A SSMULATION MODEL

Philip E. Higuera', Matthew E. Peters** Linda B. Brubaker', and Daniel Gavin®

'College of Forest Resources, University of Washington, Seattle, WA

Department of Applied Mathematics and Department of Atmospheric Science,
University of Washington, Seattle, WA

3Current address: Department of Earth and Planetary Sciences, Harvard University,
Cambridge, MA

* Department of Geography, University of Oregon, Eugene, OR

SUMMARY

Interpreting sediment-charcoal recordsis challenging because there is little
information linking charcoal production from fires to charcoal accumulation in lakes. We
present a numerical model simulating the major processes involved in this pathway. The
model incorporates the size, location, and timing of fires, primary and secondary charcoal
transport, sediment mixing, and sediment sampling. We use the model as atool to
evaluate assumptions of charcoal dispersal and taphonomy and to assess the merits of
inferring local and regional fire history by decomposing charcoal records into low-
frequency (‘ background') and high-frequency (‘ peak’) components. Under specific
dispersal scenarios, the model generates records similar in appearance to sediment-
charcoal records from Alaskan boreal forests. These scenarios require long-distance
dispersal (e.g. 1-10s km), consistent with observations from wildfires but longer than
previously inferred from experimental dispersal data. More generally, charcoal
accumulation in ssimulated records mainly reflects area burned within the charcoal source
area. Variability in charcoal peak heightsis primarily explained by the size of charcoal
source areas relative to the size of smulated fires, with an increase in this ratio resulting
in increased variability in peak heights. Mixing and multi-year sampling add noise to
charcoal records, obscuring the relationship between area burned and charcoal
accumulation. This noise highlights the need for statistical treatments of charcoal records.
Using simulated records we demonstrate that long-term averages of charcoal



11
accumulation (> 10 x mean fire return interval) correlate well with area burned within
the entire charcoal source area. We further demonstrate how decomposing simulated
records to isolate the peak component emphasizes fire occurrence at smaller spatial scales
(< 1 km radius). Together, these results provide theoretical support for the analysis of

charcoal records using the decomposition approach.

INTRODUCTION

Interpreting fire history from sediment charcoal records depends upon
understanding the processes controlling charcoal accumulation and the use of analytical
methods that appropriately reflect these processes. Over the past two decades, a number
of empirical and theoretical studies has helped identify key assumptions about charcoal -
dispersal and taphonomic processes affecting sediment charcoal records (Clark 19883,
MacDonald et al. 1991, Clark and Royall 1995a, Bradbury 1996, Whitlock and
Millspaugh 1996, Clark and Patterson 1997, Clark et al. 1998, Blackford 2000, Mohr et
al. 2000, Carcaillet et al. 2001b, Lynch et al. 2004a, Whitlock et a. 2004, Higuera et al.
2005b). These assumptions provide a rationale for developing analytical frameworks to
interpret fire occurrence from continuous records of macroscopic charcoa (e.g. Clark
1988a, Clark 1990, Clark et al. 1996, Long et al. 1998, Carcaillet et al. 2001a, Gavin et
al. 2003). Nevertheless, evaluating the assumptions of charcoal analysis and developing
appropriate analytical techniques remain two important research goals for interpreting the
characteristics and variability of past fire regimes (Whitlock and Anderson 2003).
Modeling sediment charcoal records provides atool that can help in both respects. Here
we describe amodel that trand ates the current understanding of charcoal dispersal and
taphonomy into a numerical framework that simulates lake sediment-charcoal records.
Assumptions of charcoal analysis are evaluated by comparing simulated records to
empirical recordsfrom Alaskan lakes, and the merits of analytical approaches are
examined by comparing simulated charcoal records with the known (simulated) fire
histories that created them.

! Unless otherwise noted, "charcoal" refers to macroscopic charcoal particles, typically those> 100 pmin
diameter.
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The interpretation of fire history from sediment charcoal rests upon three main
assumptions about charcoal dispersal, taphonomy and sampling. First, most macroscopic
charcoal falls close to its source, such that peaks in sedimentary charcoal represent
“local” fire occurrence. This assumption was originally considered by Clark (1988a),
who used a Gaussian plume model to argue that macroscopic charcoal should be
deposited within 10™-10° m of its source. Studies of charcoal deposition from
experimental fires agree with these theoretical considerations and suggest that “local”
could be defined as within several tens to hundreds of meters of a sedimentary basin
(Clark et al. 1998, Blackford 2000, Ohlson and Tryterud 2000, Lynch et al. 2004a). This
spatial scaleis also supported by studies matching charcoal peaks to known fire events
(e.g. Clark 1990, Whitlock and Millspaugh 1996, Gavin et al. 2003, Lynch et al. 20043,
Higueraet al. 2005b). On the other hand, several studies have shown that macroscopic
charcoal can travel several to tens of kilometers away from wild fires (Pisaric 2002,
Tinner et a. 2006) and create distinct charcoal peaksin sediment records (Whitlock and
Millspaugh 1996, Gardner and Whitlock 2001, Hallett et al. 2003). The unknown impacts
of such widely varying dispersal distances make the spatial scale of sediment records
difficult to understand.

Second, interpreting fire history from charcoal stratigraphy assumes that
secondary charcoal deposition via slope wash or within-lake redeposition does not
obscure patterns of primary charcoal deposition. This assumption is supported by the
physical properties of macroscopic charcoa (size, shape, and density), which suggest that
redistribution across the landscape should be minimal (Clark 1988a, Clark and Patterson
1997). In addition, empirical work (Bradbury 1996, Whitlock and Millspaugh 1996)
indicates that charcoal peaks from known fires remain distinct despite within-lake
redistribution of charcoal in non-fire years. Thus, existing evidence indicates that primary
charcoa deposition should remain the dominant signal in charcoal records, in at least in
some sedimentary basins.

Third, interpreting fire occurrence assumes that sediment mixing and sampling
provide adequate temporal resolution for detecting local fire occurrence. Clark (1988a)

used a simple sediment mixing model to suggest that sampling intervals should be < 0.2
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times the fire-return-interval of interest to resolve individual charcoal peaks (i.e. yr
sample™ < 0.2 yr fire).

From these assumptions come the rationale for analyzing charcoal records by
decomposing a charcoal series (C,4y) into “background” (Cpackground) @nd “peak” (Cpeak)
components (e.g. Clark et al. 1996, Long et al. 1998, Carcaillet et al. 20013, Lynch et 4.
2002, Gavin et al. 2003, Hallett et a. 2003). Clark and Royal (1995b) originally used the
terms “background” and “peak” to discriminate between the low-frequency trendsin
abundant, small charcoa (< 100 um diameter) and higher-frequency trendsin less
abundant, large charcoal (> 100 um diameter). Clark and co-authors emphasized the
different spatial scales of these components. peak and background charcoal represent
local and regional source areas, respectively (Clark and Royall 1995a, Clark et al. 1996,
Clark and Patterson 1997). Long et a. (1998) applied these terms to purely macroscopic
charcoal records and expanded the definition of background to include the effects of
charcoal production per fire and secondary charcoal transport, which could change with
changing vegetation and geomorphic regimes. Thus the term “background” has been used
differently in the literature to account for both ecological and physical processes that can
cause low-frequency variations in sediment charcoal accumulation. Peak charcoal is
assumed to represent primary charcoal deposition from “local” fires and analytical and
naturally occurring noise from all sources of charcoal deposition. A threshold separates
charcoal samples representing noise from those mainly representing “local” fires.

In this paper, we describe a numerical model (the Charcoal Simulation Model,
CharSim) developed as atool for evaluating assumptions of charcoal dispersal and
taphonomy and for assessing the merits of analytical techniques for inferring fire history.
Through model description and comparisons between simulated and Alaskan sediment
charcoal records, we illustrate the major processes creating variability in sediment
charcoal records. We use comparisons between simulated records and their underlying
fire histories to assess the impacts of different taphonomic and analytical scenarios on

interpretations of fire-history using the decomposition approach.
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METHODSAND RATIONALE

The Charcoal Smulation Mode (Char Sim)

CharSim simulates and links (1) the spatial and temporal pattern of fire regimes,
(2) charcoal production, dispersal, and primary deposition, (3) secondary deposition, (4)
sediment mixing, and (5) sediment sampling (Table 2.1). Each component is potentially
important in creating sediment-charcoal records, athough some processes are difficult to
parameterize due to alack of empirical data. We parameterized CharSim to represent fire
regimes and lake sediment records from interior Alaska, an area dominated by black
spruce boreal forest and large, high-severity fires (e.g. Kasischke et al. 2002). The model
code (MatLab Version 7.0.0 and C) is available from the authors upon request.

The following sections describe the processes contained within any conceptual
model of charcoal production, transport, and deposition, the components and design of
CharSim, and the technical details of the model. Figure 2.1 illustrates each step of the

model, from airborne charcoal deposition to charcoal in a sampled sediment core.

Fire Regime

CharSim simulates burning on a homogenous landscape represented by 100 x 100
m (1 ha) pixels. Fires start within acircular “ study area’ of 50-km radius (i.e. 78,540 knv’
area) with a“lake” at its center (represented by a single 1-ha pixel). The number of fires
occurring in any year is determined by a Poisson probability distribution with a
prescribed mean number of fires per year (I ). Fires start at random locations on the
landscape and grow to a size based on anormal probability density function (PDF) fit to
log-transformed fire sizes from Alaska (n = 1058, 1988-2003 data; Alaska Fire Service,
2004, Table 2.1). The size of each fire, FS israndomly selected from this PDF. The
minimum and maximum fire size recorded in the Alaskan dataset are 11 and 236,128
hectares, so the spatial extent of CharSim can include > 99% of the fire sizes contained
within the Alaskan-derived fire-size distribution. Fires grow in a circular shape,

excluding any areas that have burned within 50 years (representing low flammability of
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early successional stands) until they reach their size, FS. Fires start in the study area

but grow outside it as necessary.

Primary Charcoal Deposition

For each time year, T, burned pixels contribute airborne charcoal, Cy;, to the lake
and to the eight pixels immediately surrounding the lake based on a charcoal dispersal
table (Fig. 2.2. Charcoal abundance is represented as a proportion, relative to the total
amount of charcoal from al burned pixels. A charcoal dispersal table indicates the
guantity of charcoal deposited at one pixel (e.g. the lake or pixel adjacent to the lake)
given that another pixel burns. When constructed from the perspective of the lake, the
charcoal dispersal tableisavisua representation of the total area from which charcoal
deposited at the lake originates, termed “the potential charcoal source area” (PCSA; see
Appendix A). Each dispersal table represents the average conditions during afire that
affect the amount of charcoal reaching the lake.

A dispersal table can incorporate any number of assumptions and does not depend
on asingle dispersal model. A chief benefit of using dispersal tables, rather than dispersal
curves (“kernels’), is their modularity. Tables can be modified to reflect future
knowledge or different assumption and easily substituted within CharSim for existing
ones. In addition, dispersal tables insulate CharSim from the assumptions used to make
the tables, since CharSim depends only on the table itself. In fact, the behavior of
CharSim can be understood to a large extent based ssimply on the table (i.e. the size and
shape of the source area) without knowledge of the dispersal model.

Charcoal dispersal tables were calculated based on a Gaussian dispersal model
developed by Sutton (1947a), modified by Chamberlain (1953), and applied to charcoal
analysis by Clark (1988). In previous work, Peters and Higuera (Appendix A) modified
the model to atwo-dimensional form and expanded it to simulate multiple injection
heights (the height at which charcoal is released from a buoyant plume) and multiple
wind. The dispersal model parameters are discussed by Peters and Higuera (Appendix A).
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Dispersal distances in the modified model are afunction of asingle fall speed,

asingle wind speed, and an empirical or theoretical PDF of wind direction and injection
heights. We constrained fall speeds to the average measured in the International Crown
Fire Modeling Experiment (ICFME) experimental burn in boreal Canada (1.56 m s-1;
Appendix A; Lynch et al. 2004a) and wind speed to the highest 10-m wind speeds
measured during several fires from the ICFME (10 m s™, Taylor et a. 2004). Although it
may be unrealistic to use a single wind speed and fall speed represent average conditions
during burning, Peters and Higuera (Appendix A) found that the dispersal model is
relatively insensitive to variations in these parameters. Injection heights and wind
direction are much more critical, and these are simulated by PDFs to provide appropriate
variation. To simulate multiple injection heights, we assume a distribution of injection
heights during asingle fire that has a negative skewness, with a peak at large injection
heights and along tail at smaller heights (Fig. 2.2, row 1). In contrast to a situation where
al charcoal isinjected at asingle height, this model produces a dispersal table with a
strong local bias in charcoal dispersal and no or minimal skip distance (Appendix A). The
sengitivity of CharSim to assumptions on injection-height distributionsis described in
Appendix B. To simulate varying wind directions we create a dispersal table with
multiple wind directions and then weight each direction based on an empirical PDF of
June-August wind directions from Bettles, Alaska (representing the study areafrom
where empirical records were collected, Chapter 4; Table 2.1). This produces a circular
dispersal table with higher values along dominant wind directions (Fig. 2.2, row 3)

We used four injection-height scenarios, characterized by the modal injection
height himge, Which spans a range of realistic injection heights from wildland fires (e.g.
Clark 19884, Clark et al. 1998, Samsonov et a. 2005). Each scenario represents a
different PCSA. In each of thefirst three scenarios, a single dispersal table was used,
based on a specific hyoge Of 10, 100, or 1000 m. The 10 m hyoge SCENArio gives two-
dimensional results similar to empirical data collected from an experimental fire in boreal
Canada by Lynch et a. (2004a; Appendix A), while the 100 m and 1000 m hyoge
scenarios simulate fires with taller plumes (e.g. from larger and/or more intense fires).

The fourth scenario was a mixed scenario representing the assumption that injection
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heights scale with fire size. In the mixed scenario hyqe vVaried with the log of fire size,
with each 20" percentile of the log-transformed fire-size distribution calling on a
different injection height and dispersal table. Thus, for the smallest 20% of the fires the
modal injection height was 10 m; for the next 20%, 50 m; then 100 m; then 500 m, and
for the largest 20%, 1000 m.

With a mode and distribution of injection heights selected, there are two ways to
portray the PCSA (Fig. 2.2). Assuming a fire of infinite size, one can consider charcoal
deposition at alake originating from different distances (i.e. radii), as graphically
illustrated by the cumulative proportion of total charcoal deposited at increasingly larger
radii (Fig. 2.2, row 2). The PCSA is associated with the radius at which 100% of charcoal
originates. A second, more geographic approach is to map the density of charcoal
originating in each part of the PCSA (the charcoal dispersal table, Fig. 2.2, row 3). This
illustrates the two-dimensional variationsin charcoal dispersal that result from variations

in both injection height and wind directions.

Secondary Charcoa Deposition

Secondary charcoal deposition comes from (1) charcoal deposited on the
landscape immediately adjacent to the lake (i.e. the eight pixels surrounding the lake),
introduced via slope-wash processes (viawater or wind), and (2) charcoal on the lake
sediment surface, which is transported to the “center” of the lake, defined as 10% of the
lake area, viawithin-lake redeposition. Both processes are minimally understood. We
simulate these processes with a simple negative exponential die-off curve, which moves a
given proportion of charcoal from its source (landscape or lake sediment surface) to its
end point (Iake or lake center) over a certain time frame.

Limited quantitative data are available for selecting parameters for secondary
charcoal processes. We assume only asmall proportion of charcoal on the landscape
surface is transported into alake basin by slopewash or otherwise (Clark and Patterson
1997, Lynch et al. 2004a), and that these processes last until the re-growth of vegetation
within the watershed (Clark 1988a, Whitlock and Millspaugh 1996, Lynch et al. 20043a).
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It was also assumed that within-lake redeposition focuses charcoal in the center of a
basin, and that charcoal remains mobile for several decades after afire (Bradbury 1996,
Whitlock and Millspaugh 1996). To minimize modeling errors associated with these
uncertain processes, we selected secondary transport values that are conservative with
respect to the amount of charcoal moved by slope wash and within-lake redeposition.
Specifically, slope-wash parameters were set to move 1% of al landscape charcoal into
the lake basin, with 90% and 99% of the deposition occurring within 20 and 50 years of
airborne charcoal deposition (Table 2.2; Fig. 2.1¢). Within-lake redeposition parameters
were set to move 10% of the charcoal from the outer 90% of the lake-sediment surface to
the center of the lake, with 90% and 99% of redeposition occurring within 10 and 20
years, respectively (Table 2.2; Fig. 2.1e).

The amount of charcoal deposited on the lake-sediment surface in any year due to

slope-wash processes, Cg,, 1, iSgiven by:

N

o
Csv1 = pg,d WC 1. (1)

t=0
where Cis1+, iSthe amount of charcoal on the pixelsimmediately surrounding the lake for
each year T-t though T, sw; describes the negative-exponential PDF with mean L, (Fig.
2.1 b-c), and pg, is the proportion of landscape charcoal moved into the lake. Only the
most recent Ng,, years contribute charcoal in this fashion. Charcoal on the pixels
surrounding the lake, C, originates from airborne charcoal deposition and in situ
charcoal production when these pixels burn. Airborne deposition is determined in the
same fashion as for primary charcoal deposition on the lake (described above). In situ
charcoal production is defined to be 10 times greater than the total amount of airborne
charcoal produced during afire. Thisis consistent with a one- to two-order of magnitude
difference between charcoal deposition inside and outside experimental firesin boreal
forests (Clark et al. 1998, Ohlson and Tryterud 2000, Lynch et al. 20043).

Finaly, total charcoal deposition on the lake-sediment surface in year T, Ciake 7
(Fig. 2.1 d) isthe sum of airborne charcoal, C,; (i.e. primary deposition) and secondary

charcoal deposition, Cg,:

CIakeT = Cail:T + Csz (2)
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Anaogousto (1), total charcoal transport to the center of the lake is:

Nre
Clake_center T =a CIakeT + (1_ a ) pre é r QCI akeT-t (3)
t=0

where re, describes the negative-exponential PDF with mean . (Table 2.2; Fig. 2.1 g, f).
Pre IS the proportion of charcoal on the non-center portion of the lake-sediment surface
which is later redeposited in the center of the lake. N, is the number of years over which

within-lake redeposition occurs, and a is the percentage of |ake defined to be the center.

Sediment Mixing and Sediment Sampling

A sediment accumulation rate s determines the depth of sediment represented by
each year of the model. Charcoal deposited in the center of the [ake in year T, Ciaxe_center,
is mixed into the surrounding strata between mixing depths md, and md, above and below
each stratum to define charcoal abundance in the coreinyear T, Core 1 (Fig. 2.1 h). The
sediment accumulation rate s and mixing depth, md (= md, + md,), define amixing time
window, t, <t <t,, over which charcoal deposited at time T is mixed. Charcoal in the
simulated core at year T is computed, after the coreis*made”’, by mixing charcoal from
sediments above and below the depositional stratain this time window, weighted by a
Weibull PDF:

Ceorer = é Clate_center 1 ¥ ' miT-t ©)
LA,

Here, Y represents the PDF of the Weibull distribution with mode | | shifted such that

the mode occurs at year t. The Weibull distribution, with shape parameter set to 2.5,
dlightly biases mixing towards the uppermost sediments (Fig. 2.1 g).

Charcoal abundance in the simulated core is summed across a given sampling
depth, dsampie, Which is translated into an upper and lower sampling time, st, and st;, by
dividing by the sediment accumulation rate, s. The units of charcoal abundance C until
this point have been a proportion, which we can convert into a charcoal count, charcoal
area or another measure of abundance. In order to directly compare with Alaskan records,

we chose to use charcoal countsin this paper, consistent with the assumptions underlying
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the dispersal tables (see Appendix A). Charcoal countsin each sample are divided by
the volume of the sample, v (cm®; assuming a 7.5-cm diameter circular core), to calculate
charcoal concentration (# cmi®). The sediment accumulation rate s (cm yr™?) is multiplied
by charcoal concentration to obtain the charcoal accumulation rate (CHAR) for each
sample, Cample; (# Cmiyr™):

_ s ¥
Csamplei =—a Coore,T
Vsarrple sti (6)

Finally, to facilitate comparisons between real and simulated records we standardize
charcoal accumulation rates by dividing each value by the mean value for the series. We
present this as a unitless CHAR index (Fig. 2.11).

We selected mixing and sampling parameters that correspond to recent fire
history records from lakes in the southcentral Brooks Range, Alaska (Chapter 4). The
presence of laminations, other stratigraphic layers> 1.0 cm, and charcoal stratigraphy in
these records suggest that sediment mixing influences roughly between 0.5 and 2 cm
(PEH personal observation); sediment accumulation rates over the past 4500 years range
between 0.012-0.150 cm yr™. Sampling distances between 0.25-0.50-cm sections yield
sample intervals between 2-42 years (Chapter 4).

Comparing Char Sim and Alaskan Charcoal Records

To evaluate the parameter choicesin CharSim, we compared several charcoal
records from the southern Brooks Range, Alaska (Ruppert Lake, 67°04' 16" N,
154°14' 45" W; Code Lake, 67°09'29” N, 151°51'40” W; Wild Tussock Lake, 67°07’ 40"
N, 151°22'55” W; Last Chance Lake, 67°04'45" N, 150°45'08" W; unofficial names;
Chapter 3), to simulated records generated using the four hyqe Scenarios (Table 2.3) and
parameters described in Table 2.2. To the extent that simulated records produce
variability in charcoal seriesthat are similar to empirical records, the representation of
processes in the model represents at |east one scenario that could explain the creation of
actual charcoal records. To the extent that simulated records differ from real records,
CharSim is misrepresenting or missing processes that are operating on the empirical
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records. We recognize that different processes could lead to the same pattern, so
similarity between simulated and observed recordsin itself is not arigorous validation of
CharSim. A more robust validation requires studies quantifying secondary charcoal
transport and comparisons to records with known fire histories at a range of spatial
scales.

By comparing a single CharSim record to an empirical record we assume the
processes creating the empirical record are stationary in time. We thus restrict our
comparisons with Alaskan records to the last 3000-4500 yr, which represents a stationary
period in the pollen and charcoal history of each record (Chapter 3, 4). We evaluated
similarity visually with quantile-quantile plots and statistically using atwo-sample
Kolmogorov-Smirnov test comparing the cumulative distributions of equally sampled
CharSim and Alaskan records (Zar 1999). Alaskan records were standardized to their
mean CHAR and, like CharSim records, are expressed as a CHAR index.

Inferring Different Aspects of a Fire Regime

Modeling sediment charcoal records allows one to ask questions that are
otherwise impractical or impossible to address empirically. Using CharSim records we
addressed two sets of questions that are relevant to the interpretation of sediment charcoal
records: (1) how well does airborne and sampled CHAR (Cy; and Csamypie) COrrelate with
areaburned at different spatial scales, and (2) how well do identifiable charcoal peaks
reflect fire occurrence at different spatial scales? For each set of questions we also
evaluated how mixing and sampling intervals modify these relationships to ultimately
define our ability to infer area burned and/or fire timing in sampled sediment-charcoal

records.

Area Burned

In CharSim, the annua accumulation of airborne charcoal in the lake is related to
area burned in that year, weighted by some function incorporating the distance between

the area burned and the lake. Thus charcoal records should represent a distance-weighted
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index of area burned. To examine such arelationship, we compared both airborne
charcoal accumulation, C,;;, and sampled charcoal accumulation, Cegmpie (USING @
sampling interval of 20 yr), to annual area burned at multiple radii from the lake using
20,000-yr records generated from the 10- 100- and 1000-m hyoqe SCENarios (Table 2.2).
We use these scenarios to informally test two hypotheses about the relationship between
C.ir and area burned: (1) for any hyqe SCenario the correlation between annual area
burned and C,;, is maximized at aradius close to that defining the PCSA for that
scenario, and (2) the distance of maximum correlation should vary between scenarios.
Because the correlation between Cgmpie and area burned differs depending on both
sampling interval and mixing interval, we also examined this correlation for 12 sampling
intervalsfrom 1 to 2400 years (0.008 to 20 fires per sample) and 10 mixing intervals
from 1 to 150 mm (0.07 to 1 fire(s) per mixing interval), using the 1000- m hy,oqe SCENario.
For each of these 120 comparisons, we recorded the maximum correlation and radius at

which the maximum correlation occurred (termed the * optimum spatial scale”).

“Local” Fire Occurrence

An alternative approach for interpreting fire history from sediment-charcoal
records is to focus on high-frequency, high-magnitude variations (i.e. charcoal peaks).
This widely-used approach relies on the decomposition of charcoa seriesinto high- and
low-frequency components, termed "peak charcoal" and "background charcoal” in the
literature (e.g. Whitlock and Anderson, 2003). Ultimately, decomposition turns a
charcoal seriesinto a binary record where each sample is categorized into one of two
groups: "fire" or "no fire". We evaluated the ability to reconstruct fire occurrence at a
range of spatial scales across arange of sampling intervals by analyzing simulated
records using the decomposition approach.

To identify charcoal peaks we used the decomposition method in which a
smoothed charcoal series representing low-frequency variability is subtracted from the
raw seriesto obtain the residual, or peak charcoal series (Fig. 2.3). This approach
assumes an additive relationship between peak and background components of a charcoal
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record (e.g. Clark and Royall 1996). An analyst must select both a smoothing function
to define the low frequency average, and athreshold value to split the peak seriesinto
“fire” and “non-fire” samples. Aseach CharSim record is associated with a known fire
history, it is possible to objectively select the most accurate threshold to infer fires.
Specifically, the threshold is placed at a value that maximizes accuracy, defined to be the
proportion of true positive peaks (peaks correctly identified as fires) minus the proportion
of false-positive peaks (peaks incorrectly identified as fires; see Higuera et al. 2005b).
Furthermore, this measure of accuracy may be calculated for fires within different radii
from the lake. We can thus identify the radius at which the charcoal peaks most
accurately represent the fire history by finding the radius at which accuracy is maximized
(defining the ‘optimal spatial scale’).

Using this method to identify charcoal peaks, we evaluated the relationship
between (1) sampling interval, (2) smoothing interval, (3) maximum accuracy, and (4)
the optimal spatial scale of arecord. Starting from a single 20,000-year record of airborne
charcoal deposition from the 1000-m h;,qe SCENario, we created six records of sampled
charcoal using sampling intervals from 2 to 60 years (0.015 to 0.48 fires per sample) and
amixing interval of 30 years (0.25 fires per mixing-interval), with parameters otherwise
described in Table 2.2. Each of these six records was decomposed using six different
smoothing functions (locally weighted regression robust to outliers, Cleveland 1979).
These functions varied in length from 0 years (i.e. no smoothing done) to 1200 years (10
fires per smoothing-window). For each of the 36 total records we recorded the accuracy
and the optimal spatial scale, representing the best possible interpretation of the record.
To test the sensitivity of these results to our assumptions on secondary charcoal transport,
we performed the same simulations with secondary charcoal transport eliminated (i.e. Pg,
=P,=0).
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RESULTS

Char Sim Simulations: Sources of Variation and Sensitivity

Parameters Controlling Primary Charcoal Deposition

The variability in peak heightsin CharSim records is most sensitive to the size of
the PCSA relative to the fire size (the “ source-areato fire-size ratio”): if the source-area
tofire-sizeratio islarge, peak heights vary broadly, while if the source-areato fire-size
ratio issmall, all peaks are about the same size. Two relati onships account for this result.
First, if fires frequently cover large portions of the PCSA (i.e. small source-areato fire-
sizeratio), the resulting record of charcoal accumulation is approximately binary. Thisis
the case for the 100-m (Fig. 2.4 @) and 10-m (not shown) hy,qe SCENarios. However, with
the same fire size distribution and increasing PCSA (1000-m hyoge SCENario; Fig. 2.4 b),
smaller portions of the source area burn in any single fire. Thus the greater variability in
fire location within the source area creates variability in charcoal peak heights. Second,
the variability in fire sizes within the PCSA causes variability in simulated charcoal
records. For example, if the distribution of fire sizes from the Alaskan databaseis
replaced with a uniform distribution such that the total area burned remains relatively
constant, the variability in charcoal peak heights decreases by roughly afactor of four
(Fig 4c) for the 1000-m hyoqe dispersal scenario. In contrast, variability in wind direction,
as modeled here, has only minor effects on the variation in charcoal accumulation (see
Appendix B).

Parameters Controlling Secondary Charcoal Deposition

In the scenarios, the transport of 1% of landscape charcoal from fires burning
adjacent to the lake had a minor but visible impact on peak heights (Fig. 2.1b vs. d). In
addition to modifying peak heights, slope-wash added charcoal to sedimentsin years
after primary charcoa deposition (Fig. 2.1d). Within-lake redeposition also distributed
charcoal to years following primary deposition, but this process did not affect relative
peak heights (Fig. 2.1, d, f).



25

Parameters Controlling Sediment Mixing and Sampling

Sediment mixing and sampling had large impacts on the patterns of airborne
charcoal deposition. Because these processes act on all charcoal within any given
stratigraphic level, they spread charcoal out across multiple years of sediment
accumulation (in this case approximately 20), thereby modifying peak heights (as much
as afactor of four), combining adjacent peaks, and erasing small peaks (e.g. Fig. 2.1 b-f
vs. h, i). Below, we analyze the relationship between mixing and sampling intervals and
how the choice of sampling interval affects our interpretation of sediment records.

Comparing Char Sim and Alaskan Charcoal Records

Only the 1000-m and mixed hyoge SCEnarios (charcoal dispersal distances up to ca.
20 km) captured the variation of charcoal accumulation in the Alaskan records, with the
mixed scenarios generally providing closer fits to empirical data (Table 2.3). The
variability in peak magnitude within the Alaskan records, particularly at the highest
CHARSs, was least well -represented in the simulated records (Fig. 2.5). For example, the
poorest fit between Alaskan and CharSim records was from Ruppert Lake (Table 2.3),
which contains two peaks 1.5 and 2 times larger than the largest peaksin the CharSim
record (Fig. 2.5). The 10- and 100-m h,oqe SCENarios, with charcoal dispersal distances of
approximately 0.25 and 2 km, respectively (Fig. 2.2), created nearly binary records with
variations unlike the Alaskan records (Fig. 2.4).

Inferring Different Aspects of a Fire Regime

AreaBurned

Airborne charcoa accumulation C,, and annual area burned within a given radius
are significantly correlated (p < 0.05, r* > 0.90) at radii close to the radius defining of the
PCSA (€. 10 X hyoge; Fig. 2.6, filled symbols). In comparison, the correlations between
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sampled charcoal accumulation Cempie and area burned were much lower (r2 < 0.50)
and less sensitive to different radii (Fig. 2.6, open symbols).

Correlations between Cgmpie and area burned increased with sampling intervals,
reaching a maximum of 0.80 when sampling intervalsincluded an average of 11 fires per
sample (i.e. the sampling interval was 11 times the mean fire return interval; Fig. 2.7).
Optimum spatial scales at these sampling intervals approached the scale defined by the
PCSA and were either 16,000 m (n = 49; 45%) or 8,000 m (n = 61; 55%). Mixing
affected the correlation between Cgmpie @nd area burned primarily at shorter sampling
intervals (Fig. 2.7).

“Loca” Fire Occurrence

For a given mixing rate, the accuracy of identifying local fire occurrenceisa
function of the spatial scale of the record, the smoothing window, and the sampling
resolution relative to the mean fire return interval (mFRI). Maximum accuracy occurred
when sampling intervals were < 0.12 times the mean fire return interval (mFRI; e.g. 12 yr
for a 100 yr mFRI) and was sensitive to the smoothing windows at these intervals.
Optimal smoothing windows were generally 2-5 times the mFRI (Fig. 2.8), which is
shorter than the smoothing window maximizing the correlation between sampled
charcoal Csampie and area burned. At larger sampling intervals, accuracy was less sensitive
to smoothing windows, athough smoothing windows shorter than the mFRI were
associated with low accuracy (Fig. 2.8). Very long smoothing windows failed to remove
short-term variations associated with secondary transport and mixing, resulting in
reduced accuracy due to false-positives. Short smoothing windows tracked peak heights
too closely and resulted in reduced accuracy because of lowered true-positive rates (data
not shown).

The maximum accuracy of fire identification occurred at much smaller spatial
scales than those maximizing the correlation between C,, and area burned. Of the 36
records analyzed for accuracy, the optimal spatial scale was defined by a 100 (n = 35) or
250 (n = 1) mradius (data not shown). When secondary charcoal transport was
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eliminated (i.e. Psy = Pe = 0), optimal spatial scales were defined by only dlightly
larger radii, at 100 m (n = 16; 44%), 250 m (n = 19; 53%) or 500 m (n = 1; 3%; data not
presented graphically). Accuracy in all scenarios was less than 0.85 and limited by lower
true-positive rates rather than by higher false-positive rates. For example, while no false
positives occurred at the optimal threshold values, sediment mixing combined peaks from
fires closely spaced in time (e.g. < 20 yr, data not shown) so that some fires were not
detected.

DisCussiON

Assessment of Char Sim

The simulation results show that the random placement of realistically sized fires
on a homogenous landscape and a few basic assumptions about charcoal dispersal and
taphonomy create charcoal records consistent with Alaskan sediment records.
Nevertheless, CharSim islimited by alack of empirical data and an incomplete
understanding of key processes. Therefore, we couch our interpretations with several
constraints. First, although charcoal dispersal is simulated with a physically based
dispersal model that successfully reproduces data from an experimental fire (Appendix
A), we lack a strong empirical or theoretical basis for choosing the distributions of
injection heights. Given the hypothetical nature of the dispersal scenarios, the dispersal
distances, PCSAs, and optimal spatial scales should be interpreted as first order
estimates. Despite this caution, the general conclusions about the relative roles of PCSA
and fire size are robust to a variety of assumptions concerning the form of the distribution
of injection heights and wind direction (Appendix B). Second, we know little about the
rates and variability of charcoal input via slope wash and redeposition. While the
simulations address the role of these secondary transport processes, our inferences rely on
minimally-constrained assumptions. For example, we did not model scenariosin which
the variability of secondary charcoal input was high enough to create variability in
simulated records similar to that observed in airborne charcoal deposition. While
possible, this scenario seems unlikely because it requires extremely high, short-term

variations in processes delivering secondary charcoal to sampling sites. Such questions
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highlight the need for additional research on the effects of secondary charcoal
transport. Third, we do not consider variations in topography, vegetation, and charcoal
production. Besides being inherently challenging and time consuming to model, these
factorsinvolve an unwarranted level of complexity for an initial modeling attempt.
Finally, we have not addressed the effect of 1ake size, which, as shown in modeled and
empirical pollen data (e.g. Sugita 1993), islikely an important determinant of
depositional patterns. We expect future development to include this variable.

Processes Creating Variability in Sediment Char coal Records

We compared simulated charcoal records to Alaskan sediment records primarily
to provide insights into the processes that can create realistic variability in sediment
charcoal records. Below we discuss the magjor conclusions from the model that relate to
the processes of charcoa dispersal and taphonomy.

Primary Charcoal Deposition

At the most fundamental level, the amount of primary charcoal deposited in alake
isafunction of the size and location of burned areas within the PCSA. If the PCSA
captures only a small portion of the variability in fire size and location, airborne charcoal
deposition will vary little between fire events. Thisisthe casein the small PCSA
scenarios (Nmege = 10 and 100 m; ~0.2 and 13 kn, respectively), which show little
variation in charcoal deposition among fires because most fires either cover the entire
PCSA or missit completely. In these scenarios, airborne charcoal deposition creates a
nearly binary pattern of charcoal accumulation through time (Fig. 2.4 a). However, as
PCSA sizeincreases (Nmoge = 1000 m; 1300 kn), variability in primary charcoal
deposition increases because there is greater variability in the locations and sizes of fires
within the source area.

Because the fire sizesin CharSim are well constrained by the Alaskan fire
database, the results allow inferences about charcoal source areas in boreal forests of this

region. In particular, the correspondence between CharSim simulations and empirical
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records (Fig. 2.5, Table 2.3) suggests that charcoal dispersal distances exceed 10 km
(source areas > 300 kn). Thisfinding contrasts with evidence from experimental firesin
boreal forests (Clark et al. 1998, Ohlson and Tryterud 2000, Lynch et al. 2004a), which
suggest that macroscopic charcoal travels much shorter distances (e.g. 10'sto 100’s of
meter; source areas < 3 km? ). When CharSimsimulations are based on these smaller
dispersal distances (10- and 100-m hyge SCENAri0S), unrealistic binary charcoal records
are produced that contain distinct peaks and little charcoal otherwise (e.g. Fig. 2.4 &, €).
High-magnitude, short-term variations in secondary charcoal delivery isapossible
mechanisms through which a simple, binary records could be modified, but this scenario
seems unlikely for the reasons discussed above (see “ Assessment of CharSint’). The
larger charcoal dispersal distances suggested by CharSim are also consistent with studies
documenting charcoal deposition (Pisaric 2002, Tinner et al. 2006) or charcoal peaksin
lakes that are severa kilometers away from wildfires (e.g. Whitlock and Millspaugh
1996; Gardner and Whitlock, 2001; Hallett et al., 2003). Furthermore, the large injection
heights (e.g. up to 1000 m) required to ssimulate large charcoal source areas are tenable
given plume heights of 2000-5000 m in observed wildfires (Clark et al. 1998, Samsonov
et al. 2005).

Secondary Charcoal Deposition, Sediment Mixing, and Sediment Sampling

Secondary transport, mixing, and sampling have variable effects on sediment
charcoal records. These processes confound the relationship between primary deposition
and annual area burned because they erase or combine small, closely spaced peaks by
spreading charcoal across time periods before and after primary charcoal input. Although
in the ssmulations, none of these processes (alone or in combination) could create the
variability seen in the Alaskan sediment records, they were necessary to produce records
that visually resemble empirical records (e.g. Fig. 2.2 b vs. g). Thus one interpretation
suggested by CharSim ssimulations is that the variability in charcoal records originates
through mechanisms controlling primary deposition and taphonomic processes and
sampling intervals temporally smooth these series. On the other hand, the simulations
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also show that secondary transport can add variability to charcoa peaksthat is
unrelated to primary input. This occurs when slopewash from burned pixels immediately
surrounding the lake (even at minimal rates of 1% per 50 years) increases the size of
charcoal peaks relative to peaks created from more distant fires (Fig. 2.2 avs. b). This
result is a consequence of the assumption that charcoal deposition within afireis 10
times greater than charcoal deposition beyond a burned area (Clark et al. 1998, Ohlson
and Tryterud 2000, Lynch et al. 20044). Thus abundant charcoal on a burned landscape
represents a potentially important source of charcoal input to sediment records, and
erosional inputs from the surrounding landscape could magnify the local bias of sediment
charcoal records (Clark and Patterson 1997).

M ethodological Implications: Analyzing Sediment Charcoal Recordsvia
Decomposition

Given the known fire history creating each simulated charcoal record, smulated
records provide an opportunity to examine assumptions and interpretations of the
decomposition approach to sediment-charcoal analysis. The correlation between low-
frequency trendsin charcoa accumulation and area burned within relatively long
distances from the lake (e.g. > 5 km) provides support for previous interpretations of
background charcoal. Results also indicate that charcoal records can be analyzed in a
manner that faithfully represents “local” fire occurrence. Overall, the results lend
theoretical support to two mainassumptions of sediment charcoal analysis (e.g. Clark and
Royall 1996, Clark and Patterson 1997, Long et al. 1998): that charcoal records contain
(1) low frequency (long term) trends reflecting area burned at large spatial scales and (2)

high frequency (short term) variations that reflect fire occurrence at small spatial scales.

Area Burned

The result that low-frequency summaries (> 10 x the mFRI) of charcoal records
can accurately reflect area burned within the PCSA (Fig. 2.7) is consistent with the
original concept of "background” charcoal (Clark and Royall 1995b, Clark and Royall
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1996, Clark et al. 1996, Clark and Patterson 1997). While airborne charcoal deposition
at alake can be highly correlated with area burned in annual times scales (Fig. 2.6),
secondary transport, mixing, and sampling, distribute annual charcoal deposition over
longer time periods in sediments, resulting in poor short-term, but strong long term
correlations between sampled charcoal and area burned (Fig. 2.7). If secondary transport,
mixing and/or sampling vary at shorter time scales than the smoothing window used to
define “background” charcoal, then long-term summaries of charcoa accumulation
should be accurate descriptions of area burned, although inherently with low temporal
resolution. However, the relationship between “background” charcoal and area burned
assumes that the amount of charcoal produced per unit area burned and secondary
deposition is constant. If charcoal production increased (from changing vegetation type)
or secondary deposition increased (from changing sedimentation regime), there would be
an overall increase in charcoal accumulation, even if fire frequency or size did not
change. In general, though, the interpretation of low-frequency trends in charcoal
accumulation is a potentially valuable way to infer regiona burning patterns over multi-

centennial to multi-millennial time scales (e.g. Marlon 2003).

“Loca” Fire Occurrence

The results suggest that the optimal sampling interval for detecting individual
firesis< 0.2 timesthe mFRI (Fig. 2.8), with the ability to detect fires decreasing quickly
at larger intervals because charcoal peaks from distinct fires are combined. Thisfinding is
similar to conclusions of Clark (1988), who recommended sampling intervals < 0.2 times
the return interval of interest, based on visual analysis of charcoal peaksin simple
simulated records with different sampling intervals.

We found that charcoal peak identification in simulated records most accurately
reflects fire occurrence within 500 m of the lake (Fig. 2.8). Thisresult is consistent with
Gavin et a.’s (2003) finding that the maximum correspondence (analogous to accuracy)
between charcoal peaks and fires occurred when fires burned within 500 m of alake on
Vancouver Island, Canada. More generally, the results imply that long-distance charcoal
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transport does not preclude the accurate detection of local fires. For example, the
PCSA in the 1000-m hyoge SCENario extends to 20 km from the lake, yet charcoal peaks
most accurately reflect fires within 500 m. What then explains the bias of charcoal peaks
to local fires? First, the distance-weighting inherent in charcoal dispersal resultsin local
fires always creating larger charcoal peaks than more distant fires. Second, secondary
transport, mixing and sampling “mute” small charcoal peaks, while large charcoal peaks
are robust to these processes. Third, the decomposition approach, which removes low
frequency trends, emphasizes large charcoal peaks and thereby amplifies the inherent
biases against small and/or distant fires. However, other decomposition techniques can

amplify small peaks.

Concepts of “background” and smoothing windows

The concept of “background” charcoal is represented by alow-frequency
summary of acharcoa series over some time window, defined by the “ smoothing
window” (Fig. 2.3). This representation of background has been used in two distinct ways
in the charcoal literature, each with theoretical justification and support from the
CharSim simulations. First, background charcoa has been interpreted to represent area
burned at large temporal and spatial scales. This definition of background isjustified in
CharSim by the high correlation between area burned and charcoal accumulation for
sampling intervals > 10 x the mFRI. Thus the smoothing window used to depict this
definition of background should be greater than 10 x the inferred mFRI. Although
background charcoal could also reflect changing vegetation types and long-term changes
in charcoal delivery mechanisms (e.g. Long et al. 1998), neither was modeled in this
study. Second, background charcoal has been associated with a smoothing window that
isolates high-frequency variations of CHAR in the decomposition processes. The
simulations suggest that it is possible to select windows that maximize the accuracy of
charcoal-record interpretations when sediments are sampled at fine intervals (e.g. < 0.1
times the mFRI) but that accuracy is generally insensitive to smoothing windows when
sampling intervals are larger (Fig. 2.7). Nevertheless, smoothing windows 2-5 times the
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mFRI resulted in the highest accuracy at all sampling intervals. The smoothing
window for decomposition can therefore be considered separately from the window used
to estimate long-term trends in area burned.

We suggest distinguishing the ecological and functional interpretations of the
term “background”. Ecologically, background charcoal may represent the total amount of
charcoal in a sediment record and be controlled by several processes related to the fire
regime. Functionally, the term appliesto the analytical goal of removing variations not
associated with "local" fire occurrence, which mainly originate from taphonomic
processes of mixing and sampling. In this case, we suggest the term “low frequency
variation”, which emphasizes the physical pattern of charcoal accumulation without
implications about fire or ecological processes.

Conclusions

Based on empirical data of Alaskan fire regimes and specific assumptions of
charcoal transport and taphonomy, CharSim produces charcoa records that resemble
sediment-charcoal records from boreal Alaska. In addition, CharSim simulations
illustrate several connections between processes that affect sediment charcoal records and
the decomposition approach used to interpret fire history from these records.

First, smulations indicate that charcoal records reflect area burned within the
PCSA, but that secondary transport, sediment mixing, and sampling mute this
relationship at short time scales (e.g. < mFRI). As aresult, simulated and empirical
(Enache and Cumming 2006) records are only moderately correlated with area burned at
short time scales, but these records are highly correlated with area burned within the
PCSA at long time scales (> 10 x mFRI). These results lend support to the practi ce of
using large smoothing windows to isolate “ background” charcoal (as defined above) to
infer regional area burned (e.g. Marlon 2003).

Second, the variability in charcoal peak heightsin simulated records can largely
be explained by relationships between fire sizes and the PCSA size (the source-areato
fire-sizeratio). Asthisratio increasesin CharSim simulations, the variability in charcoal
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peak heights also increases because there is greater variability in fires sizes and
locations within the PCSA. Comparisons of simulations with different source-areato fire-
size ratios to Alaskan charcoal records suggest that large source areas, characterized by
long-distance charcoal transport (10s of km), are required to obtain the basic patterns of
variability in charcoal records from systems with large fire sizes (e.g. boreal forests).
These dispersal distances are consistent with evidence of charcoal transport from
wildland fires of tens of kilometers (Whitlock and Millspaugh 1996, Gardner and
Whitlock 2001, Pisaric 2002, Hallett et al. 2003). However, long-distance transport per se
does not erase the strong relationship between large charcoal peaks and local fires. In the
simulations, the inferred fire occurrence using the decomposition approach is best related
to fire occurrence with 500 m of the simulated lake. Interpreting “local” fires at this
gpatial scaleis consistent with empirical studies comparing known fires to sediment
charcoal stratigraphy (Clark 1990, Whitlock and Millspaugh 1996, Gavin et al. 2003,
Lynch et a. 20044).

Third, the charcoal -taphonomic processes of slope wash, mixing, and sampling
bias sediment records against preserving small charcoal peaks associated with distance
fires. By removing low-frequency variations, the decomposition approach further
deemphasizes small peaks. The overall result of the decomposition method, therefore, is
to enhance the signature of local fire occurrence, while simultaneously accounting for

long-term variability in charcoal production rates.
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Table2.1. Components of the Charcoal Simulation Model (CharSim) include the major processes linking
fires on alandscape to the creation of a sampled sediment charcoa record. Primary references provided
guantitative values, while secondary references provided either additional support or qualitative

information from which estimates were based.

Component Detailsand/or parameters Primary References Secondary References
1. Fireregime a mean number of firesper 8@ Kasischkeetal. (2002); & Lyncheta. (2002,
year (Poisson Chapter 4 2004b)
probability) b) AlaskaFire Service
b) mean and variance of (2004)
log-transformed fire-
sizedistribution (e.g.
|og-normal
probability)
2. Char coal a charcoal production a estimated a) Clark et a. (1998)
production, b) charcoal dispersa b) Appendix A
dispersal, and ¢) mean fall speed ¢) Lynchetal. (2004a)

primary deposition  d) mode and variation of
injection heights

€) wind speed

f) wind direction

3. Secondary
charcoal deposition

a proportion and temporal
pattern of landscape-
derived charcod

b) proportion and temporal
pattern of within-lake
redeposition

4, Sediment mixing @ mean mixing depth

b) mixing distribution

¢) sediment accumulation
rate

5. Sediment sampling & sampling resolution

6. Firehistory a) correlation between
interpretation CHAR and area
burned

b) maximum accuracy

d) estimated, see
Appendix A

e) Tayloretad. (2004)

f) instrumental wind datef

a) estimated a, b) Bradbury (1996),
Whitlock and
Millspaugh

b) estimated (1996), Clark and
Patterson (1997)

a) Chapter 4, estimated
b) Chapter 4

a) Chapter 4
b) user defined

a) this paper

b) this paper

®Bettles, Alaska, 1971-2000: Alaska Climate Research Center,
http://climate.gi.alaska.edu/Climate/Wind/Direction/Bettles/BTT.html
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Table2.2. Parameters used to generate the CharSim records in this paper.

CharSim Value(s) used in this paper
component Description Parameter (units) variablefiresize  constant firesize
probability of fire ? (firesyr™) 1.00 1.00
L mean fire size (log ha) 6.813 8971
) ) firesize .
Fireregime stdev. firesize (log ha) 2.078 0.00

resulting mean fire-

return interval * w 120 100
Char coal
d'fﬁﬁi‘r ";”d injection heights Mrroge (M) 10, 100, 1000, mixec® 10, 100, 1000
deposition
P, (proportion) 0.01 0.01
slope-wash sw time frame, N, (yr) 100 100
redeposition T
SW mean, gy 10 10
Secondary )
char coal P, (proportion) 0.10 0.10
deposition within-lake redep. time frame, N, (yr) 50 50
redeposition redep. mean, Pgy 5 5
% of lake def,la ned as center, 10 10
. mixing depth md (mm) 10 10
Mixing 1
sed. acc. rate s(cmyr™) 0.0125 0.0125
d 0.25 0.25
Sampling  sampling interval sapie (CM) 4
temporal res. (yr sample™) 20 20

1 A "fire" isidentified any time area burns within a 100 m radius from the edge of the lake, regardless of
the number of ignitionsthat occurred in ayear.

% The mixed scenario scaled injection heights proportionally to fire size, using hypge Values of 10, 50, 100,
500, and 1000.
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Table 2.3. Parameters and description of the model runs used for comparison to Alaskan sediment-charcoal
records, and results from atwo-sample Kolmaogorow-Smirnov (K-S) test.
prob.of local-fire mixing sed.acc.

fire  frequency depth rate sampling K-Stest result (p-value)
. ? mean fire- temp. _ _ Dode = _
Corrllg(a(relson (firesyr™  return  md (mm) s(cmyr™) d(scarf;‘]")'e res. (yr h{g’ﬁ{ gré"’c‘)’er; 1000 rr:,]“;‘;(dzd_z
h interval* sample™) m
Ruppert 10 120 20 0.0125 0.25 20 000 001 026 026
Code 1.0 120 10 0.0125 0.25 20 000 000 034 071
T\LIIVSIS!(?CK 10 120 10 0.0125 0.25 20 000 001 025 059
le_]:rs]tce 10 120 5 0.025 050 20 000 000 060 o077

12 See Table2.2.
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(a) G : airborne and in situ char. deposition on landscape adjacent to lake (b) G, : airborne charcoal deposition on lake surface
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Figure 2.1. Pathway from airborne charcoal deposition to charcoal sampled in the simulated core, using a
1000-m modal injection height and parameters otherwise described in Table 2.2. One percent of the
charcoa deposited on the landscape surrounding the lake (C; panel @) is distributed into the lake based on
the dope-wash curve (sw; panel c). Airborne charcoal deposited on the lake (C;;; panel b) isadded to
charcoal input from slope wash to determine the amount of charcoal deposited on the lake sediment surface
(Ciake; panel d). One percent of the charcoa on the lake sediment surface is redeposited into the “ center” of
the lake (defined in the text) based on the redeposition curve (re; panel €) to determine the amount of
charcoal reaching the center of the lake (Ciae center; Panel f). Charcoa in the center of the lakeis mixed
according to aWeibull distribution (with shape parameter = 2.5, panel g) to determine the final charcoal
stratigraphy within the core ( Ceore; panel h). Finaly, the simulated coreis sectioned by depth to obtain the
sampled values (Cepier Panel i). Dots () and plus marks (+) indicate when fires burned within 1000 and
100 m of the lake, respectively.
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Figure 2.2. Potential charcoa source area (PCSA) for three modal injection height scenarios (columns),
including distribution of injection heights (row one), cumulative charcoal deposited at different distances
from the lake pixel (row two), and avisual representation of the PCSA, aso termed a*“charcoal dispersal
table” (row three). Stepsin row two are afunction of the 100 x 100 m pixel size, and the color barsin row

three represent proportional charcoal concentration.
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Figure 2.3. Two contrasting examples of low-frequency trendsin CHARs (@), and the resulting positive
residual series (“peak charcoa™) from which charcoa peaks areidentified (b-c). Dots () and plus marks (+)
indicate when fires burned within 1000 and 100 m of the lake, respectively.
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Alaskan data CharSiM data Q-Q Plot: CharSiM vs. Alaskan data
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Figure 2.5. Comparison between charcoa accumulation from Alaskan lakes and simulated CharSim
records using the 1000-m modal injection height scenario (columns 1-2), and a quantile-quantile (Q-Q)
plot for each comparison (column three). Linear Q-Q plots suggest that the two samples come from the
same distribution, while departures from linearity suggest otherwise. A two-sample K-Stest comparing
the distribution of charcoa from each Alaskan lake to the corresponding CharSim seriesfailsto reject the
null hypothesis of no difference (p > 0.25; Table 2.3).
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SUMMARY

Direct and indirect impacts of millennial-scale climatic change on fire regimes are
examined in the southcentral Brooks Range, Alaska, using four lake-sediment records
and existing climatic interpretations. Charcoal accumulation rates (CHARYS) provide
estimates of fire return intervals (FRIs; the inverse of fire frequency) within each of five
vegetation zones described with fossil pollen, stomata, and modern analog techniques at
sites across a 120 km transect. During late glaciation and the early Holocene the region
was dominated successively by herb tundra, shrub tundra, and deciduous woodland, all
novel species assemblages relative to modern North American vegetation. Records from
two sites span thisinterval. CHARs increased and FRIs decreased sharply with post-
glacial climatic warming and the transition from herb to shrub tundra c. 13-14 k calendar
years before present (AD 1950; ybp). FRIs were short in the shrub tundra period (means
c. 140 yr) but increased considerably with the transition to deciduous woodland c. 10.5 k
ybp (mean >> 250 yr), despite evidence of warmer- and drier-than-present summer
conditions. All four records span the mid and late Holocene and document statistically
similar changes in millennial-scale fire regimes across the study region. Despite evidence
of climatic cooling and moistening through the mid and late Holocene, FRIs decreased
significantly with the development of Picea glauca forest-tundra vegetation c. 8.0 k ybp
(means c. 250-350 yr), and again with the development of the modern Picea mariana
boreal forests c. 5.5 k ybp (means c. 150-170 yr). Overall these records show a greater
correspondence between fire frequency and vegetation characteristics rather than with
inferred climate, indicating that vegetation has played a strong role in mediating the
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direct impacts of climatic change, primarily through modifying landscape
flammability. In the context of recent and predicted warming in Alaska and the associated
increase in shrub densities in tundra, the short FRIs in shrub tundra during late glaciation
and the early Holocene imply that tundra can burn frequently under warmer climatic

conditions.

INTRODUCTION

Areaburned in northern high-latitudes is predicted to increase with climatic
warming over the next century (Rupp et al. 2000a, Calef et al. 2005), in some cases by
more than 100% (Flannigan et al. 2005). Recent warming across these regions (Overpeck
et al. 1997, Serreze et al. 2000) has already initiated vegetation changes at a variety of
scales, including the advance and increased growth of conifers at treeline (MacDonald et
al. 2000, Lloyd and Fastie 2002, Lloyd et a. 2003, Esper and Schweingruber 2004, Lloyd
2005) and increased growth and expansion of shrubs within tundra communities
(Silipaswan et a. 2001, Sturm et al. 2001, Stow et a. 2004). The response of fire regimes
to ongoing and predicted climatic change will ultimately depend upon interactions
between climatic and vegetational variables that operate at multiple temporal and spatial
scales. At short time scales, climate and weather directly influence ignition rates, fuel-
moisture patterns, and fire spread, while vegetati on determines the density and spatial
pattern of fuels. At longer time scales, climate indirectly affects fire regimes by
influencing vegetation composition and structure over large spatial scales. Together,
interactions between climatic and vegetational variables determine overall landscape
flammability and the characteristic patterns of fire in space and through time.

Numerous studies in North American boreal forests document the importance of
direct climatic controls on fire occurrence and fire regimes. For example, over the past
several decades, annual area burned has been tightly linked to warm, dry weather
conditions and frequent lightning activity (Larsen and MacDonald 1995, Larsen 1996,
Hess et al. 2001, Kasischke et al. 2002, Stocks et al. 2003, Duffy et al. 2005).
Paleoecological studies support these climate-fire relationships and illustrate that fire

frequencies have varied with millennial-scale changes in relative moisture throughout the
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late Holocene (Carcaillet and Richard 2000, Carcaillet et al. 2001a, Lynch et al. 2002,
Lynch et al. 2004b). However, the impacts of climatic change on fire regimes also
depend upon indirect effects of climate on vegetation. Area burned across interior Alaska,
for example, is positively correlated with tree cover (Kasischke et al. 2002), and
modeling studies suggest the potential for increased burning in boreal Alaskain response
to increased black spruce (Picea mariana Mill. BSP.) densities alone (Rupp et al. 2002).

The interactive effects of climate and vegetation on fire regimes are complex to
study and predict, and the relative importance of either variable can change across space
and through time. The complexity of these interactionsiswell illustrated in boreal forest
systems. For example, while the probability of firein boreal forests varies with stand age
(i.e. vegetational control; Yarie 1981, Lynch et a. 2002), under extreme weather
conditions these variations have little influence on the likelihood of a stand burning
during a given fire (Bessie and Johnson 1995). Conversely, the impacts of long-term
climatic change on fire regimes can be modified by vegetational changes that take place
over decades to centuries, due to changes in landscape flammability (Lynch et al. 2002,
Rupp et al. 2002, Lynch et al. 2004b).

Paleoecological reconstructions provide along-term perspective necessary to
understand the interactive effects of climatic and vegetational change on fire regimes (Hu
et a. 2006). The paleoecol ogical approach also has the unique ability to reveal evidence
of climate-vegetation-fire relationships that are unobservable on the current landscape,
thus expanding our view of potential future scenarios. When individual records are
combined across broad spatial scales and compared to paleoclimatic records, strong
inferences can be made into the climatic and vegetational mechanisms controlling fire
regimes at multi centennial and millennial time scales (e.g. Clark 1990, Lynch et 4.
2004b, Brunelle et a. 2005, Gavin et a. 2006).

We take a paleoecol ogical approach to examine the interactions between climate,
vegetation, and fire regimes in the southcentral Brooks Range, Alaska (Fig. 3.1), where
millennial-scale climatic and vegetational history are well known based several decades
of research in the region (Anderson and Brubaker 1994, Anderson et al. 2003; Table 3.1).

Specifically, we wanted to understand how millennial-scale climatic changes have
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interacted with arctic and boreal vegetation change to influence fire regimesin the
southcentral Brooks Range. We add three new pollen and four new charcoal records to
the existing database, which allows the first assessment of direct and indirect impacts of
climatic change on past fire regimes. We use macroscopic charcoal from lake sediments
to reconstruct fire return intervals (FRIs, the inverse of fire frequency) and statistically
compare FRIs to detect changes between vegetation zones inferred from fossil pollen,
stomata stratigraphy, and modern analog analysis. If climatic variations were the
dominant control of fire regimes over the past 15,000 (15 k) years, we expect distinct,
synchronous changes in fire occurrence that are consistent with direct climate-fire
relationships and relatively independent of changesin vegetation (e.g. Carcaillet et al.
2001a). In contrast, if vegetational change was the dominant control of fire regimes, we
expect distinct, synchronous changes in fire occurrence to be associated with shifts
between vegetation zones and consistent with the role that fuels play in controlling long-
term landscape flammability (e.g. Lynch et al. 2002). By documenting fire regimesin
novel vegetation assemblages that covered the study region during late glaciation and the
early Holocene (c. 14.0-9.0 k ybp; e.g. Anderson et al. 1989, Edwards et al. 2005), our
study also provides relevant examples of how direct and indirect impacts of climatic

change may shape future fire regimesin arctic and boreal ecosystems.

STUDY L AKESAND REGIONAL SETTING

We examined sediment cores from four lakes along a 120 km east-west transect in
the foothills of the southcentral Brooks Range, within the Kobuk Ridges and Valleys
Ecoregion (Nowacki et al. 2001; Fig. 3.1, Table 3.2). Theregionisunderlain by aluvial
and glacial sediments deposited most recently from the Walker Lake Glaciation, which
terminated between 25-30 k ybp (Hamilton 1982). Modern climate is continental: January
and July mean maximum temperatures in Bettles (Fig. 3.1) are -20°C and 21°C,
respectively, and mean annual precipitation is 36 cm, with 55% falling between June and
September (Western Regional Climate Center, AD 1951-2005 observations?). Forests and

woodlands dominate lowlands and hill slopes, with Picea mariana in wet muskegs; P.

2 Data available online: http://www.wrcc.dri.edu/cgi-bin/cliM AIN.pl ?akbett
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glauca (Moench) Voss. and Populus balsamifera Mill. along riparian areas; and P.
glauca, Betula papyrifera Marsh. and Popul us tremul oides Michx. on uplands and warm,
south-facing slopes (Viereck et al. 1986, Nowacki et al. 2000). In non-forested areas,
Salix spp., Betula glandulosa Michx., and Alnus spp. grow in shrub communities
(Nowacki et al. 2000). Fireisthe primary disturbance agent in the region, with estimated
fire rotation periods in the Ecoregion of 175 years, based on observations from AD 1950-
2001 (Kasischke et al. 2002).

We cored small (2-15 ha), relatively deep (7.0-11.6 m) lakes (Table 3.2) to
maximize the probability of obtaining undisturbed charcoa and pollen records (Jacobson
and Bradshaw 1981, Larsen and MacDonald 1993). Each lake is surrounded by
discontinuous P. mariana-dominated forest and lies within a few tens of kilometers of the
northern limit of Picea growth. Recent fires burned to the edge of Ruppert Lakein AD
1991 (15,357 ha; Fig. 3.1; Alaska Fire Service 2004) and within at least 4 and 6 km
west/southwest of the lakein AD 1913 and AD 1891, respectively (Christiansen 1988).
Fires burned to 10 km west and 13 k south of Xindi Lakein AD 1959 (5027 ha) and AD
1957 (34,424 ha), to 1 and 3 km east of Code Lakein AD 1959 (788 ha) and AD 1949
(2456 ha), and to 5 km west and 1 km southwest of Wild Tussock Lakein AD 1997
(9750 ha) and AD 1991 (6390 ha; Alaska Fire Service 2004; Fig. 3.1).

LATE GLACIAL AND HOLOCENE CLIMATIC AND VEGETATIONAL HISTORY

A variety of paleoclimate indicators, including fossil floral and faunal
assemblages, lake-level history, and glacia history, reveals the nature of millennial-scale
climatic change in Alaska over the past 16 k yr (summarized by Anderson et al. 2003).
These proxies indicate that the climate of the study region has shifted from cooler and
drier than present during the late glacial period (16-13 k ybp), to warmer and drier (with
some evidence suggesting wetter) than present by the early Holocene (11-8 k ybp).
Temperatures cooled but remained warmer than present during the mid Holocene (7-4 k
ybp), and present-day cool, moist conditions were established in the late Holocene (4-0 k
ybp; Table 3.1).
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Millennial-scale vegetation history of northcentral Alaskaiswell described by

fossil pollen records covering the past 16 k yr (Anderson and Brubaker 1994), and
provides alarger regional framework for evaluating the pollen records of this study. Over
this period, five distinct vegetation types have been recognized (Anderson and Brubaker
1994, unless otherwise noted; Table 3.1): (1) herb tundra c. >16-15 k ybp, characterized
by Poaceae, Cyperaceae, and Artemisia, with lesser amounts of forbs and Salix, similar in
plant functional type to prostrate shrub tundra or Poaceae-forb tundra (Bigelow et al.
2003); (2) birch shrub tundra c. 15-13 k ybp, characterized by shrub Betula glandulosa or
B. nana and Salix, with xeric herb species likely covering previously unvegetated areas,
(3) deciduous forest or woodlands c. 13-9 k ybp, characterized by the presence of
Populus balsamifera (and/or P. tremuloides), possibly arboreal Betula, and the continued
presence of shrub Betula and Salix (Edwards et al. 2005); (4) forest-tundra c. 9-6 k ybp,
with shrub Betula and Alnus (arriving c. 8 k ybp) and P. glauca forming gallery forests or
treeline communities on upland sites; (5) modern boreal forests c. 6 k ybp to present,
marked by an increase in conifer density, due mainly to the arrival of P. mariana.

METHODSAND RATIONALE

L ake sediments

Sediments below c. 25 cm of the mud-water interface were collected from the
center of each lake with two parallel, overlapping 8-cm diameter cores in summer 2001
(Code, CO), 2002 (Ruppert, RP), or 2003 (Xindi, XI; Wild Tussock, WK) using a
modified Livingston piston corer (Wright et al. 1984). Surface sediments (< c. 50 cm)
were collected with a polycarbonate tube and the top 10-20 cm dliced at 0.5-1.0 cm in the
field. The lower portions of the surface cores and all the deeper cores were split
longitudinally in the lab to describe and photograph sediment stratigraphy. Two thirds of
each core was sliced at 0.25-0.5 cm intervals and the other 1/3 was archived. All cores
had intermittent laminae, and stratigraphic markers (visual laminae or charcoal peaks)
were used to splice together overlapping segments of adjacent cores. Subsamples of 1
cm®were prepared at varying intervals for pollen and stomata analysis according to

PALE (1994) protocols for arctic and subarctic sediments, except that samples were not
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subjected to a coarse sieve (Carlson 2003, Pisaric et a. 2003). For charcoal
identification, 3-5 cnt subsamples were taken from contiguous core slices, soaked in
sodium metaphosphate for 72 hours, washed through a 150 um sieve, and bleached with
H,O, for 8 hours (Higuera et al. 2005b). Charcoal was identified at 10-40 x magnification
based on color, morphology, and texture (Rhodes 1998). Pollen was counted at 400-1000
x magnification to aterrestrial pollen sum > 300 (mean= 398, stdev. = 107) and
displayed as percentages of total terrestrial pollen. To estimate the transition from forest-
tundrato boreal forest at RP and WK, stomata searches were conducted to an equivalent
pollen sum of 2000 grains (Carlson 2003) in selected samples bracketing the Picea pollen
rise c. 5.5 k ybp (Brubaker et al. 1983a). Picea stomata were identified based on
comparisons with an Alaskan reference collection and Hansen (1994). Pollen and
charcoal concentrations (# cm™®) were multiplied by the estimated sedimentation rate (cm
yrY) to obtain the pollen accumulation rate (PAR; grains cmi? yr) and charcoal

accumulation rate (CHAR; pieces cm? yr'?) of each sample.

Chronologies

Sediment chronologies are based on ?°Pb dates for the upper 10-20 cm of each
siteand on AMS *C ages of concentrated charcoal from charcoa peaks, concentrated
Picea pollen, or terrestrial macrofossils for deeper sediments (Table 3.3). 2°Pb ages were
calculated using the Constant Rate of Supply model (Binford 1990) and **C ages were
calibrated using CALIB 5.0 and the INTCAL 04 dataset (Reimer et al. 2004). All ages
are reported as calibrated years before AD 1950 (ybp). Confidence intervals of calibrated
¢ ages represent the 2.5, 50" and 97.5™ percentiles of the weighted probability density
function of calibrated ages (Telford et al. 2004a). Chronol ogies were devel oped
individually for the #°Pb and *“C portions of each core using a weighted cubic smoothing
spline in Matlab (The MathWorks, Inc.) with the smoothing parameter determined as a
function of the average distance (cm) between dates, such that greater sampling of ages
resulted in amore flexible spline. The inverse of the 95% confidence interval of the ?%Pb
or calibrated *C date was used for weighting (cf. Telford et al. 2004b).



53

Pollen and stomata analysis

Pollen zone boundaries, which correspond to vegetation types previously
recognized in the region (Anderson and Brubaker 1994), were delineated primarily by
visual inspection of pollen percentages of mgor tree, shrub, and herb taxa. Picea stomata
presence/absence (RP and WK) and results from modern analog analysis further aided in
delineating the boundary of the modern boreal forest.

We used squared-chord distances (SCD; Overpeck et al. 1985, Anderson €t al.
1989) and receiver operating characteristic curves (ROC curves; Gavin et a. 2005) to
quantify the probability that fossil pollen assemblages resembled modern pollen
assemblages from North American Arctic Tundra, Boreal Forest, and Forest-tundra
biomes (biomes defined by Federova et al. 1994, cited and mapped in Whitmore et al.
2005 and a'so mapped in Appendix C). Results are based on the average of the lowest 1%
of SCD values and their probability-of-analog (ROC analysis) for comparisonsto all
samplesin the three North American biomes. Further details of this technique are

presented in Appendix C.

Charcoal analysis
To assess whether CHARSs differed between past vegetation biomes, we compared

CHAR distributions between pollen zones in each lake using a two-sample Kolmogorov-
Smirnov (K-S) test (e.g. Clark 1990, Lynch et al. 2002). We discuss differencesin CHAR
distributions only when the probability of Type | error, p, < 0.05. Before charcoal peak
identification, CHARs were interpolated to 15-yr time steps (e.g. Long et al. 1998), based
on the mean sampling resolution at all sites (see Results), to account for variable
sampling intervals. After thisinterpolation, we re-interpolated records to their original
sampling intervals so changes in sampling intervals are visible in graphical displays.

We used a universal threshold criterion to identify charcoa peaks that we
interpreted as evidence of “local” fire occurrence (e.g. Clark 1990). Consistent with
recent literature (e.g. Clark 1990, Whitlock and Millspaugh 1996, Gavin et a. 2003,
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Lynch et a. 2004a), we use “local” to refer to distances within approximately 500-
1000 m of each lake, corresponding to an area of ¢. 100-300 ha (1-3 knv). Low-
frequency (i.e. “background”) variations in CHARS, Cpackground, are assumed to reflect
changing rates of charcoal production, secondary transport, sediment mixing, and/or
sediment sampling (Long et al. 1998; Chapter 1). We subtracted Cpackground from raw
charcoal series, C,,y, to obtain aresidual “peak” series, Cpe (i.€. Cpeak = Craw -
Cbackground; Carcaillet et al. 2001a, Lynch et al. 2002, Gavin et a. 2006).2 For each
record, we selected athreshold valuet that identifies charcoal peaks when Cpeac > t.

Our threshold criterion assumes that fires create charcoal peaks that exceed Cyeax
variations related to sediment mixing, sediment sampling, and analytical noise. Thus we
consider that the distribution of C,eax Values contains two sub-populations, Coise and Ciire
(see Clark et al. 1996). C,qisisanormally distributed population centered at O (i.e.
Chackground); Ciire SBMples are the high CHARs caused by local fires (e.g. Clark et al. 1998,
Ohlson and Tryterud 2000, Lynch et al. 2004a, Gavin et a. 2006) and consist of positive
Coeax Values exceeding the variation in Cypise. We modeled C,oise by estimating the
variance in Cpeax around the mean of 0, assuming that Cpeax < O captured the variation in
the Cnoise population”. Because the threshold separating these two popul ations should
occur in the upper range of the C,se population, we considered threshold values
corresponding to the 95", 99™, and 99.9™ percentile of the Cyis population to identify
Cire. We evaluate results from all three thresholds but discuss results from the 99

percentile criterion.

Detecting differencein fireregimes

The visual patterns of charcoal peaks at each site indicated that changesin fire
frequencies were primarily related to boundaries between pollen zones. We thus used the

® We estimated |ow-frequency trends with alocally-weighted regression robust to outliers using a 500-yr
window (Cleveland 1979). For each site, we evaluated the impacts of smoothing windows by plotting the
number of peaks identified as a function of arange of threshold value and smoothing windows of 100,
200...1000 years. In all casesthe number of peaks identified with any given threshold was relatively
insensitive to changes in smoothing windows > 300 years.

* Specifically, the variance of Cy« iS estimated by calculating the variance of a population containing all
Cpear VAlues < 0 and the absolute value of all Cey Values < 0 (thus asymmetric population centered on 0).
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distribution of FRIs within each pollen zone to characterize the frequency component
of the fire regimes of each vegetation type. If apollen zone had = 5 FRIs (= 6 fires),
distributions were described using the mean FRI (mFRI) and a two-parameter Weibull
model fit to FRIs using maximum likelihood techniques (in Matlab, The Mathworks Inc.;
Clark 1989, Johnson and Gutsell 1994)°. Goodness-of-fit of each Weibull model was
tested with a one-sample K-Stest (Zar 1999) and Weibull models are not reported unless
p > 0.10 (i.e. there is > 10% chance that the empirical distribution is not different from
the Weibull model; Johnson and Gutsell 1994). 95% confidence intervals for Weibull
parameters and mFRIs were estimated based on 1000 boot-strap samples from each
distribution. Using a likelihood-ratio test based on estimates of the Weibull b and ¢
parameters (Thoman and Bain 1969, Johnson and Gutsell 1994; Appendix D), we tested
two null hypotheses: (1) fire frequencies did not differ through time (i.e. between pollen
zones of agiven site), and (2) fire regimes did not differ across space (i.e. between sites
for agiven pollen zone). By utilizing both parameters of the Weibull distribution, this test
provides a more powerful method for detecting difference in FRI distributions than
possible by interpreting confidence intervals around mFRI and estimated Weibull
parameters (e.g. Clark 1990, Lynch et a. 2002) or by using the non-parametric K-Stest
(e.g. Clark et al. 1996, Lynch et al. 2002, Gavin et a. 2006).

RESULTS

Chronologiesand Sedimentation Rates

The RPand XI records start at 13.5 and 14.5 k ybp, respectively, while CO and
WK records start ¢. 8 k ybp (Fig. 3.2). At all lakes, age models for the past 8 k yr are well
constrained and generally pass through the 95% confidence interval of **C or #*°Pb dates
(Fig. 3.2). At RP we rejected two C dates on concentrated pollen at 19.02 and 29.5 cm
because they are c. 500-1000 yr older than sediment ages defined by five other *C dates
on charcoal between 10 and 60 cm (Fig. 3.2; Table 3.3). Age models= 8k ybp areless

® The two-parameter Weibull distribution has a scale parameter, b (yr), and a shape parameter, ¢ (unitless),
and its probability density function, describing the probability of obtaining agiven firereturninterval, x, is
defined as: f (le, )= (Cxcfl /b%)exp(- [x/b]°) (Johnson and Gutsell 1994).
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well constrained by **C dates, and predicted ages do not always intersect the
uncertainty of sample ages (e.g. RP; Fig. 3.2).

Sedimentation rates at RP, XI, CO, and WK average (stdev.) 0.040 (0.023), 0.025
(0.016), 0.017 (0.003), and 0.019 (0.001) cm yr'* (Fig. 3.2). While sedimentation rates
vary little throughout the CO and WK records, they are higher prior to c. 8.0 and 11.0 k
ybp at RP and XI, respectively (Fig. 3.2).The temporal resolution of charcoal samples
rangesfrom < 5to > 50 yrs sample™* (Fig. 3.2), varying with sampling intervals and
sedimentation rates (Fig. 3.2). The extremely slow sedimentation rates at XI from 5.5-0 k
ybp preclude analysis of charcoa peaks during this period. The average (stdev.) time
represented by charcoal samplesat RP, X1, CO, and WK is 13 (6), 32 (24), 16 (4), 14 (5)
yr, respectively. At RP, temporal resolution changes from c. 25 to 10 yr sample™* at 2.2 k
ybp because sampling intervals changes from 0.5 to 0.25 cm (Fig. 3.2). At X1, the mean
(standard deviation) time represented by samples used for charcoal peak analysis (i.e.
prior to 5.5 k ybp) is 26 (15) yr.

Pollen, Stomata, and Char coal Records

1. Herb Tundra Zone: 14.0-13.3 (RP), 15.5-14.3 (X1) k ybp

The Herb Tundra Zone is characterized by the dominance of Cyperaceae (>25%),
Salix (c. 25%), Poaceae (c. 15%), and Artemisia (c. 10%) pollen, with relatively high
percentages of Pediastrum algal cell nets (> 25%) (Fig. 3.3 ab). SCDs are lowest for
comparisons with modern tundra (c. 0.2), but the probability-of-analog (< 20%) indicates
little similarity (Fig 3 a-b). CHARs are low at both RP and X | (medians = 0 pieces crmi®
yr'*: Fig. 3.4), and the lack of charcoal pesksin this zone precludes the analysis of FRIs
(Fig. 3.5, 3.6).

2. Shrub Tundra Zone, 13.3-10.3 (RP), 14.3-10.3 (XI) k ybp

Increased Betula pollen (B. glandulosa and/or B. nana; Anderson and Brubaker,
1994) to > 60% marks the transition from herb to shrub tundra (Fig. 3.3 a-b). SCDs (c.
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0.2) continue to indicate alow similarity between fossil and modern pollen
assemblages from all modern biomes (probability of analog < 20%; Fig. 3.3 a-b). The
magnitude and variability in CHARs increase at the onset of this zone (medians = 0.02-
0.05 pieces cm? yrY), with charcoal peaks exceeding 0.2 pieces cmi? yr'?, and CHAR
distributions at both RP and X1 are distinct from those in the Herb Tundra Zone (p <<
0.01; Fig. 3.4, 3.5). Fireregimes at RP and X| are characterized by mFRIs (95% ClI) of
133 (99-171) and 139 (113-171) yrs, respectively (Fig. 3.6), with no differencein FRI
distributions between sites (Table 3.4; Fig. 3.6).

3. Deciduous Woodland Zone, 10.3-8.8 (RP), 10.3-8.0 (X1) k ybp

This zone is characterized by increased Populus pollen percentages (10-20%) at
RP and X1, and an increase in monolete (>10%, not plotted), Lycopodium annotinum (c.
10%, not plotted), and Sphagnum (> 5%; Fig. 3.3 a-b) spores at RP. Spore percentages
also increase at X1, but remain below 5% of the pollen sum (not plotted). SCDs in this
zone are the highest for the entire record at both sites (> 0.3), and no analogs are found
within modern North America pollen spectra (probability of analog < 0.2; Fig. 3.3 a-b).
CHARs at RP and X| decrease (medians = 0-0.01 pieces cmi? yr™) and distributions are
distinct from the Shrub Tundra Zone (p < 0.01; Fig. 3.4). FRI distributions could not be
characterized due to the lack of identified charcoal peaks, with only three firesinferred at
RPand 1 at XI (Fig. 3.5, 3.6).

4. Forest-tundra Zone, 8.5-5.3 (RP), 8.0-5.5 (X1), 7.5-5.5 (CO), 8.0-5.5 (WK) k ybp

Decreases in Populus (< 10%) and increasesin Picea (>1%) pollen percentages
mark the onset of the Forest-tundra Zone (Fig. 3.3 a-b). Alnus pollen percentages increase
from trace amounts to > 50% at 7.50 and 7.25 k ybp (RP and XI, respectively).
Sohagnum spore percentages increase to 15-20% at RP, but remain below 5% at X1 (Fig.
3.3 ab). Other spore types show little change until the addition of Alnus pollen, when all
spore types decrease to < 10-15% at RP and << 5% at X|I (Fig. 3.3 ab). The WK and CO
records start during or shortly after the increasein Alnus pollen (WK and CO,
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respectively; Fig. 3.3 c-d). Coincident with the rise in Alnus pollen, SCDs for
comparisons with modern Boreal Forest and Forest Tundra decrease (< 0.1), and
probability-of-anal og values for these biomes increase to > 30-40% (Fig. 3.3). Previous
interpretations of Picea pollen morphology from RP indicate the presence of P. glauca
rather than P. mariana (Brubaker et al, 1983) during this zone.

CHARs at RP and X1 are higher than in the Herb Tundra and Deciduous
Woodland zones but lower than in the Shrub Tundra Zone (medians = 0-0.04 pieces cmi®
yr'’: Fig. 3.4). Charcoal peaks exceed 0.1 pieces cm? yr and peak frequencies increase
(> 2 per 1000 yr; Fig. 3.5). Peaks at CO and WK also exceed 0.1 pieces cmi? yr'?,
although CHARs at CO are notably lower than at other sites (Fig. 3.4). mFRIs (95% ClI)
for RP, X1, and WK are 330 (194-478), 353 (252-431), and 240 (146-333) yr,
respectively, and FRI distributions do not differ among these sites (Table 3.4; Fig. 3.6).
Comparisons with CO are not possible due to the small number of identifiable peaks (Fig.
3.5, 3.6). Inferences for CO are sensitive to the threshold criterion, and the lower (95"
percentile) threshold yields mFRIs of 544 (350-774) yr, with 95% Cls overlapping those
from RP and XI but not WK (Table 3.5, Fig. 3.6). Between-zone comparisons at RP and
Xl indicate that FRI distributions are distinct (longer) than those in the Shrub Tundra
Zone (Table 3.4; Fig. 3.6). The distribution of FRIs at WK are distinct (longer) from
Shrub Tundraregimes at X1, but not RP (although p = 0.09 for this WK-RP comparison;
Table 3.4; Fig. 3.6).

5. Boreal Forest Zone, 5.2 k ybp - present (RP), 5.5 k ybp - present (X1, CO, WK)

Picea pollen percentages increase to > 10% at all sites between 6 and 4 k ybp, and
Sohagnum spore percentages increase throughout this zone to > 5-10 % (Fig. 3.3).
Although the increase in Picea pollen is subtle at some sites (e.g. CO; Fig. 3.3 ¢), all sites
show a sharp increase in the probability-of-analog with the modern Boreal Forest biome
(> 75%) and lower probabilities for modern Forest-tundra (< c. 70%; Fig. 3.3 a, c-d). The
first presence of Picea stomatac. 5.2 k (RP) and 5.4 k (WK) ybp also coincides with the
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transition from Forest-tundrato Boreal Forest inferred from the modern analog
analysis (Fig. 3.3 a, d).

CHARs and charcoal peak frequenciesincrease to their highest levelsin all
records (median CHARs = 0.05-0.11 pieces cm? yr'%; Fig. 3.4-3.5), although the period
of increase varies by c. 500 to 1000 yr (CO, WK vs. RP; Fig. 3.5). Charcoal peak analysis
isnot possible at XI, due to the low temporal resolution of samples (Fig. 3.3 b). mFRIs
(95% ClI) a RP, CO, and WK are 168 (133-208), 150 (125-175), and 151 (120-183) yr,
respectively (Fig. 3.6), and FRI distributions do not differ among sites (Table 3.4). FRI
distributions generally do not differ from the Shrub Tundra (all sites) but are distinct
(shorter) from Forest-tundra (except at WK; Table 3.4; Fig. 3.6).

Charcoal Peak Identification and Sensitivity to Threshold Criteria

The AD 1991 (-41 ybp) fire that burned to the edge of RP is represented by a peak
starting at -20 ybp, and the AD 1913 (37 ybp) fire that burned within at least 4 km of RP
is represented by a peak at 42 ybp. The most recent peaks identified peaks at CO (90 ybp)
and WK (21 ybp) both occur before fire were documented starting in AD 1950 (0 ybp);
thus the fires that burned to c. 1, 3, and 5 km from these lakes were undetected. Although
not identified, the clear charcoal peak in the upper-most sediments of X1, starting c. 0 ybp
with an apex c. -20 ybp does not correspond to any fires within 1 km; it may represent an
unrecorded fire before AD 1950 (0 ybp), an unrecorded fire after 1950 (Kasischke et al.
2002), the 34,424 hafire that burned south of X1 in AD 1957 (-7 ybp), or the 5000 hafire
that burned to 10 km W of XI in AD 1959 (-9 ybp).

The sensitivity of charcoal peak identification to different threshold criteria varies
between sites and between zones (Fig. 3.5). At XI and WK, for example, charcoa peak
identification is generally robust to al three threshold criteria (Fig. 3.5). In contrast, peak
identification at CO is sensitive to the threshold criterion selected (Fig. 3.5). Sensitivity at
all sitesisgenerally higher during periods with low CHARs (Fig. 3.5). Characterizations
of the FRI distributions, however, are generally robust to all three threshold criteria at all
sites (Table 3.5). For example, in the eight FRI distributions characterized with multiple
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thresholds, the 95% Cls on the Weibull b parameter and mFRIs overlapped by at |east
15 years between the lowest and highest threshold criteria (Table 3.5).

DisCcussiON

Limitations of the paleoecological records

Three limitations related to chronological control and charcoal peak identification
restrict inferences about vegetation and fire history from our pollen and charcoal records.
First, chronologies are poorly constrained prior to ¢. 9-10 k ybp, and different age-depth
models affect the inferred timing of vegetation transitions during early portions of the
record. Given that our sites span 120 km, we assume that regional climatic changes
controlling major vegetation shifts were contemporaneous at al sites. Thus we interpret
differences in the timing of vegetationzone boundaries among sites (e.g. ¢. 1000 years
for the onset of the Shrub Tundra Zone at Ruppert and Xindi Lakes) to represent
chronological uncertainties rather than time-transgressive events. These temporal
uncertainties prior to ¢. 9-10 k ybp also constrain our comparisons to paleoclimatic data
(e.g. Anderson et a. 2003) to millennial time scales.

Second, chronological constraints affect CHAR records because of their
dependence on sedimentation rates. When we considered multiple age-depth scenarios at
Ruppert and Xindi Lakes prior to c. 10 k ybp, CHARs and inferred fire frequencies were
sensitive within the Shrub Tundra Zone. However, no age-depth scenario eliminated the
differencesin CHAR distributions or inferred fire-frequency regimes among Herb
Tundra, Shrub Tundra, and Deciduous Woodland zones.

Third, charcoal peak identification is sensitive to the threshold criteria considered,
which effects inferences about past fire regimes. Inferences at short timeintervals (e.g. <
500 yrs) differ because a given threshold did or did not identify some individual peaks
(Fig. 3.5), implying that any single threshold fails to detect every fire that occurred and/or
incorrectly identifies fires when they did not occur (i.e. false negative and false positives,
asin Higueraet al. 2005b). The detection of the most recent fire at Ruppert Lake and the

absence of charcoa peaks from recent fires> 1 km away at Code and Wild Tussock
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lakes, however, indicate that these records detected only local fires over the past c. 50
years. In contrast to peak detection, the characterizations of FRI distributions at the
millennia time-scales of pollen zones were generally robust to the threshold criteria. This
gives us confidence that our reconstructions using the middle-ground criterion (99"

percentile) reasonably reflect the fire regimes within past vegetation zones.

Refinementsto previous vegetation inter pretations

Our pollen records are generally consistent with previous interpretations of
vegetation history in the central Brooks Range region (Anderson and Brubaker 1994), but
they refine current understanding in two ways. First, our records suggest pollen zones are
1-2 k yr younger thaninferred in earlier studies. These age differences likely occur
because we interpret AMS dates from terrestrial macrofossils compared to radiometric
dates on bulk sediment in earlier studies. AMS dates on terrestrial macrofossils are
thought to provide both more precise and accurate dates than radiocarbon dates on bulk
aquatic and terrestrial organic matter (e.g. 1000-2000 years, Oswald et al. 1999, Abbott et
al. 2000). Second, though our SCD results are consistent with previous results (Anderson
et a. 1989), the additional consideration of probability-of-analog estimates reinforce the
no-anal og nature of vegetation prior to the arrival of Picea and Alnus. They also identify

the transition to modern boreal forest more distinctly than do SCD values alone.

Post-glacial fireregimes: temporal patternsand inferred controls

Fire regimes in no-analog ecosystems: Herb Tundra, Shrub Tundra, and Deciduous

Woodland zones

Although our records span only a brief period of late-glacial herb tundra, they
suggest that fire was rare in this vegetation type. Both climatic and vegetational factors
likely reduced the probability of firein this period. Summer climate was both colder and
drier than present (Table 3.1), with chironomid-based estimates suggesting that summer
water temperatures were 4° C below present (Higuera et al. 2005a). Cold temperatures
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imply limited opportunity for convection needed for lightning ignition. Interpretations
of pollen spectra argue for an herb-dominated tundra that varied spatially between
relatively productive lowland communities and discontinuous vegetation on upland sites
(Anderson and Brubaker 1994, Anderson et al. 2003). A discontinuous vegetation cover
would have limited fire spread if/when ignitions did occur. This scenario is similar to
conditions influencing fire occurrence in modern high-arctic tundra, where the climate is
cold and dry, net primary productivity islow, and vascular plant cover is discontinuous
(Walker et al. 2005).

Fire became relatively common with the transition from herb to shrub tundra c.

13-14 k ybp (mFRI c. 140 years, Fig. 3.6). Fire in the shrub tundra was more common
than in most modern Alaskan tundra (Kasischke et al. 2002) but similar to fire occurrence
in Alaskan boreal forests (Kasischke et a. 2002, Lynch et al. 2002; this study), implying
that both climatic and vegetational factors favored burning. Both the increase in
temperature and drier-than-present conditions of past shrub tundra period (Table 3.1)
would have favored ignition and fire spread. In addition, previous vegetation
interpretations of this zone suggest afuel type and density conducive to fire, with tall (> 3
m) Betula glandul osa shrubs forming extensive thickets across the landscape (Brubaker
et a. 1983a, Anderson and Brubaker 1994, Anderson et al. 2003). The growth form,
small stem diameters, and highly resinous twigs of Betula glandulosa (Dugle 1966) make
it susceptible to fire on the modern landscape (de Groot and Wein 2004) and would have
provided the flammable fuels necessary for fire spread when ignitions occurred during
the Shrub Tundra Zone. Further, both experimental burning and warming stimulate the
growth of Betula glandulosa (de Groot and Wein 1999), making short FRI possible due
to rapid revegetation. Although the FRIs in the Shrub Tundra Zone were similar to those
in the Boreal Forest Zone, the overall lower CHARSs (Fig. 3.4) suggests less biomass
burning per firein the late-glacia shrub tundra compared to modern boreal forests.
Inferring a modern system analogous in vegetation structure and fire regime to the late-
glacial Shrub Tundra Zone is difficult, due to the novel vegetation assemblage and short
FRIs. The most flammable modern tundra communities in Alaska are on the Seward

Peninsula and along the lower reaches of the Noatak River drainage (Fig. 3.1), where
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vegetation is dominated by both graminoid and shrub tundra (Walker et al. 2005) and
estimated fire rotation periods (analogous to mFRIs) are c. 150-350 yr (Noatak; Racine et
al. 1985) and c. 275 (Seward; Kasischke et al. 2002).

Fire frequency decreased sharply with the development of a deciduous woodland
c. 10.5 k ybp, implying that climatic and/or vegetational conditions inhibited burning.
Given evidence that summers were > 2° C warmer and 25-40% drier than present (Elias
2000, Kaufman et a. 2004; Table 3.1), climatic conditions should have been favorable
for burning. We thusinfer that the decline in fire occurrence was primarily influenced by
vegetation. Specifically, the low flammability of deciduous trees in this period (both
Populus and Betula; Edwards et al. 2005) would have reduced fire spread across the
landscape, as P. tremuloides and other deciduous species do in the modern boreal forest
(Johnson 1992, Cumming 2001, Hely et al. 2001). Thus, one scenario for reduced fire
occurrence is that deciduous trees acted as fire breaksin an otherwise flammable
landscape. While fires may have started at similar rates as in the Shrub Tundra Zone, the
widespread occurrence of deciduous stands could have reduced fire spread and overall
area burned. On the other hand, some climatic interpretations, based primarily on the
presence of Populus (e.g. Anderson and Brubaker 1993), infer moist conditions during
the early Holocene, suggesting analternative scenario that both climatic and vegetational
variables lowered the probability of fire.

Fire regimes in Forest-tundra and Boreal Forest zones

Fires became somewhat more common with establishment of P. glauca within
shrub tundrain the mid-Holocene (mFRI c. 250-350 years; Fig. 3.5-3.6). The single
charcoal peak at Code Lake (based on the 99" percentile threshold) isinconsistent with
records from the other lakes, which show several charcoal peaks. The lack of peaks at
Code Lake may represent undetected fires (i.e. false negatives) or the chance absence of
fires near this lake. Our interpretation of fire occurrences during this period contrasts with
those of Lynch et a. (2002), who inferred fire was unimportant at Dune Lake (Fig. 3.1).
We suggest that methodological differences may explain this contrast, as sediment
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samplesin the Lynch et a. study during the Forest-tundra Zone were 1/5 those in this
study (1 vs. 5 cnt). Pollen assemblages in the Forest-tundra zone suggest atreeline-like
vegetation, with P. glauca trees or stands dispersed within alandscape matrix of Betula
and/or Alnus shrubs (Brubaker et al. 1983a, Anderson and Brubaker 1994). The lack of
Picea stomata at the end of this zone and the similarity of fossil pollen assemblages to
modern Forest-tundra (Fig. 3.3 a, d) is also evidence for treeline-like vegetation (Carlson
2003). Climatic conditions within this zone were characterized by cooling summer
temperatures, but remaining warmer than present, and increasing moisture (Table 3.1).
Neither climatic trend is consistent with an increase in fire compared to the previous
period. Thus we suggest that the most likely cause for increased burning in the Forest-
tundra Zone was the replacement of deciduous with coniferous trees, which increased the
overal flammability of the landscape. The change to cooler and moister climatic
conditions between the Deciduous Woodland and Forest-tundra zones may explain why
fire frequencies did not return to levels similar to those in the Shrub Tundra Zone.
Overdl, the infrequent, but persistent, occurrence of fire in the Forest-tundra zoneis
consistent with the wide range of estimated fire rotation periods in modern forest-tundra
(180-1000+ yr; Payette et al. 1989, Kasischke et al. 2002).

The development of P. mariana-dominated forests 5-5.5 k ybp was accompanied
by an increase in fire frequency (Fig. 3.5), with mFRIs (151-174 years; Fig. 3.6) broadly
consistent with estimated fire rotation period in our study region (i.e. 175 yr in the Kobuk
Ridges and Valley Ecoregion; Kasischke et a. 2002). The increased CHARs in this
period (Fig. 3.4) likely reflect increased fuel |oads associated with the dominance of P.
mariana, which iswell known for its dense fine fuels (Viereck 1973). Severa lines of
evidence indicate that climate continued to cool in the late Holocene, and effective
moisture increased to near-modern levels by c. 5 k ybp (Table 3.1). Since these climatic
changes are not conducive to ignition or fire spread, the increased fire occurrence in the
late Holocene was likely due to the addition of P. mariana and the development of a
more flammabl e landscape. Our interpretations are consistent with inferences from
several other Holocene sediment records from boreal Alaska (Dune, Low, Moose and
Chokosnalakes, Fig. 3.1; Lynch et a. 2002, Lynch et al. 2004b, Hu et al. 2006), and with
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modeling studies that simulate increased fire frequencies with increased P. mariana
(Rupp et a. 2002). Fire frequencies varied dlightly within the Boreal Forest Zone (Fig.
3.5, Chapter 3), but these changes are minor compared to differences between zones.

Direct and indirect impacts of climatic change on fireregimes

Late glacial and Holocene fire regimes across the study area changed with
millennial-scale vegetation shifts. While climate likely caused these major vegetation
shifts (Anderson and Brubaker 1993, 1994, Anderson et a. 2003), the fire-regime
changes are difficult to reconcile with direct effects of climate on fire. For example,
inferences of cooler, wetter climate in the mid to late Holocene (Boreal Forest Zone) are
inconsistent with the increased fire frequencies during this period. Similarly, the decrease
in fire in the early Holocene (Deciduous Woodland Zone) is inconsistent with inferences
of warmer-than-present climatic conditions. However, the inferred changesin vegetation
flammability associated with these vegetation transitions are consistent with observed
fire-regime shifts. Thus we suggest that changes in flammability associated with different
vegetation were likely more important in determining past fire regimes than the direct
impacts of millennial-scale climatic change.

Other studies have inferred that vegetation characteristics have modified the
impact of Holocene climatic change on fire regimes. For example, Lynch etal. (2002,
Lynch et al. 2004b) also found increases in charcoal accumulation and inferred fire
frequencies with the development of the boreal forest and a cooling and moistening of the
climate in the mid- to late-Holocene in interior Alaska. In addition, a shift from
coniferous to deciduous vegetation during the early Holocene at Devil’s Bathtub in upper
New York State, associated with rising temperatures and moisture (Shuman et al. 2004),
was associated with decreased fire frequencies (Clark et al. 1996). Both studies inferred
that climatically-induced changes in vegetation altered the flammability of the landscape
in ways that were more influential than the direct impacts of climate on fire regimes.

These examples stand in contrast to an extensive body of literature documenting
direct effects of climate on fire occurrence at a variety of temporal scales. In the eastern
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boreal forest of North America, Carcaillet et al. (2001a) inferred that climate rather
than vegetation was the primary control of fire regimes since the mid Holocene. In their
study, changesin fire frequencies were not associated with vegetation changesin
coniferous species. In subalpine forests in the Rocky Mountains, fire frequencies changed
over the past 16 k years within a single vegetation type, presumably in response to
changesin relative moisture (Millspaugh et a. 2000). On the modern landscape, area
burned in boreal forest iswell correlated with avariety of climatic variables at sub- and
inter-annual time scales, including growing season temperature and precipitation
(Kasischke et al. 2002) and synoptic-scale atmospheric circulation patterns (Hess et al.
2001, Duffy et al. 2005).

Differences between the above studies and our findings are likely related to the
nature of changing flammability associated with past vegetation shifts. For example, in
the Carcaillet et a. (2001a) study, the impacts of climate led to changes in conifer species
(Picea, Pinus, Thuja/ Juniperus) assemblages that apparently did not affect vegetation
flammability enough to modify the direct influence of climate on fire regimes. On the
other hand, if climatic changes cause vegetation shifts that greatly impact the
flammability and/or continuity of fuels, vegetation may play alarger role than climatein
controlling fire regimes. Our Alaskan records for the Deciduous Woodland and Boreal
Forest Zones suggest that when climate and vegetation shift in opposite direction with
respect to their direct effects on the probability of fire, vegetation can mediate climate
change in counter-intuitive ways. However, our records also show that climatic and
vegetationa change can have the same directional influence on the probability of fire. For
example, climatic warming between the late glacial period (Herb Tundra) and early
Holocene (Shrub Tundra) likely increased the probability of fire directly, by changing
ignition rates, and indirectly, by the facilitating the development of the birch shrub tundra

with more continuous and flammable fudls.
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Implicationsfor global changein arctic and subar ctic ecosystems

Our inferences about the interactive effects of climate and vegetation on fire
regimes have two main implications for anticipating the responses of arctic and subarctic
fire regimes to future climatic warming. First, climatic change will likely have both direct
and indirect effects on future fire regimes, and climate-fire relationships operating at
annual to multi-decadal time scales may not scale up to centennial and multi-centennial
time scales. Specificaly, at centennial and longer time scales, changes in the
flammability of the dominant vegetation cover may be more important in determining fire
regimes than direct climatic controls. Most modeling efforts predict that warmer
temperatures will increase area burned within boreal forests which in turn will result in
the replacement of conifer with deciduous forest types (Rupp et a. 2000a, Flannigan et
al. 2005), with increases in deciduous forest > 500% in some scenarios (Calef et al.
2005). A recent experimental study also found that short FRIs favored the replacement of
coniferswith Populus tremuloi des (Johnstone and Chapin 2006). The lack of fire under
warmer-thanpresent climates of the early Holocene (i.e. Deciduous Woodland Zone)
implies that a major shift to deciduous vegetation could create negative feedbacks with
fire occurrence, viaa shift to an overall less-flammable fuel type. The absences of
conifersin the Deciduous Woodland Zone is a key difference between paleo and modern
(and future) vegetation, eliminating a dominant successional trajectory from the early
Holocene landscape (i.e. deciduous to conifer post-fire development). However, with
distant conifer seed sources, deciduous stands can be maintained in modern boreal
landscape by gap-phase replacement, making a negative feedback with fire possible
(Cumming et a. 2000, Johnstone and Chapin 2006).

Second, the high fire frequencies in shrub tundra of the early Holocene provide
important evidence of the potential for tundrafire regimesto radically differ from those
on the modern landscape. Considering the predicted and ongoing increases in shrub
growth, shrub density (Chapin et a. 1995, Silipaswan et a. 2001, Stow et al. 2004,
Wahren et al. 2005), and temperatures (Serreze et al. 2000) across northern Alaska, our
records suggest that fire could become more common in northern Alaskan shrub tussock

tundra. Increased fire occurrence in tundrais particularly relevant, given the potential for
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positive feedbacks with increasing atmospheric CO, concentrations and widespread
concern over the fate of terrestrial carbon in tundra and other high-latitude ecosystems
(Zimov et a. 1999, Chapin et a. 2000, Mack et al. 2004, Weintraub and Schimel 2005).
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Table3.1. Summary of late glacial and Holocene climatic and vegetational change in the study region.

Temperature Relative Moisture Vegetation
. k ybp
Period (cal.)
" relativeto present relative to present vegetation type 2* key taxa®*
15- 16 ; o
Herb Tundra Salix, Artemisia,
14 - 15 muchcooler*®®®  much drier®*® Cyperaceae, Poaceae
Late glacial 13 - 14 '
Shrub Tundra Betula, Salix,
12 - 13 Cyperaceae, Poaceae
2,4-6,8-9,12
11 - 12 WAme drierts .
rier™® or Deci Betula, Salix,
L2 eciduous
10 - 11 p461o moister- (?) Woodland” Populus,
Early 9 - 10 much warmer="™ oodian Cyperacese Poaceae
Holocene
8 -9
7 -8 warmer24 drier than present, Picea glauca,
6. 7 but moister than Forest-tundra Betula, Alnus,
Mid i before:3® Cyperaceae
Holocene 5 - 6
4 -5
3-4 . | .
near present*610-11 Plcea'g auca, Picea
Late 2 -3 near present3° Boreal Forest mariana, Betula,
Holocene 1 - 2 Alnus
0-1

Abbott et al. (2000); ?Anderson and Brubaker (1993); Anderson et al. (2001); “Anderson et al. (2003);
*Bartlein et al. (1991); ®Edwards et al. (2001); ‘Edwards et al. (2001); ®Elias (2000); °Elias (2001); “°Ellis
and Calkin (1984); “*Evison et a. (1998); K aufman et al. (2004).
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Table3.2. Lakelocations, characteristics, and record quality.

Mean sample
Surface Depthat  resolution  Ageof
Lake Name Elevation Area Corring  +/-stdev.  record
(unofficial) N Lattitude W Longitude (mad) (ha) Site(m) (yr sample’) (k ybp)
Ruppert 67°04' 16"  154°1445" 230 3 70 13 = 6 14000
Xindi 67°06'42"  152°29' 30" 240 7 10.6 32t £+ 24 15500
Code 67°09'29"  151°51'40" 250 2 7.0 6 = 4 7500
Wild Tussock 67°07'40"  151°22'55" 290 15 11.6 14 =+ 5 8000

T mean (stdev.) for section of core used for charocal peak identification was26 (15) yrs.



Table3.3. AMS™C and calibrated datesfrom Ruppert, Xindi, Code, and Wild Tussock | akes.

Sample depth “C datg  Calibrated
(cm) Material Dated Laboratory ID'  (yr BP) date® 95% ClI
Ruppert Lake
16.60 - 17.60 concentrated charcoal CAMS 106161 600 £ 100 594 475 - 743
19.02 - 19.98 concentrated Picea pollen CAMS104482 1620 +40 1507 1400 - 1598*
26.48 - 27.20 concentrated charcoal CAMS110400 117035 1088 1002 - 1190
295 -30.5 concentrated Picea pollen CAMS100062 2445 +50 2520 2329 - 2677*
30.5 -31.5 concentrated charcoal CAMS106160 1150 =60 1065 904 - 1175
41.17 - 42.13 concentrated charcoal CAMS111400 1505 40 1388 1266 - 1461
4598 -46.71 concentrated charcoal CAMS110401 174035 1648 1542 - 1739
57.78 - 58.75 con. charcoal & Picea needle CAMS111401 2185+40 2210 2104 - 2352
785 -79.5 concentrated charcoal CAMS 110948 3000 £ 60 3185 3029 - 3379
86.5 - 87.0 concentrated charcoal CAMS111402 3145+ 35 3369 3285 - 3466
99.0 - 100.0 concentrated Picea pollen CAMS 100063 3860 * 45 4281 4155 - 4429
100.0 - 101.0 con.charcoa & Picea needle CAMS110949 3770+ 40 4137 4004 - 4275
115.2 - 115.6 concentrated charcoal CAMS 110402 5050 * 45 5812 5720 - 5952
160.5 - 161.0 concentrated charcoal CAMS110950 6350110 7266 7077 - 7556
206.5 - 207.5 concentrated charcoal CAMS113762 7460+ 110 8256 8082 - 8478
298.0 - 300.5 con.charcoal & Betula leafs CAMS122361 8710140 9654 9446 - 9750
324.5 - 326.5 concentrated charcoal CAMS111403 10220 + 160 11939 11159 - 12549
380.5 - 381.5 concentrated charcoal CAMS110951 10740 +80 12820 12610 - 13239
423.9 - 427.4 concentrated charcoal CAMS 122362 10870 + 80 12860 12749 - 12952
Xindi Lake
105 -12.0 concentrated charcoal CAMS113558 1240+ 70 1159 1036 - 1323
240 -25.5 concentrated charcoal CAMS116226 3490 + 35 3956 3940 - 3963
31.0 -32.0 concentrated Picea pollen CAMS105876 4930 + 90 5679 5472 - 5877
32.0 -33.0 concentrated charcoal CAMS112145 4560 + 120 5208 4860 - 5527
43.0 -43.5 concentrated charcoal CAMS113559 4760 +70 5493 5377 - 5656
51.0 -52.0 concentrated charcoal CAMS116227 5960 + 60 7153 7144 - 7156
85.5 -87.5 wood macrofossil CAMS106159 9585 + 40 10907 10685 - 11083
127.0 - 127.5 concentrated charcoal CAMS114331 10180+ 120 11844 11332 - 12330
167.5 - 168.5 concentrated charcoal CAMS114332 11800+ 120 13648 13391 - 13903
183.5 - 184.5 concentrated charcoal CAMS 114333 11570 + 300 13456 12833 - 13961
Code Lake
8.50 -9.00 concentrated charcoal CAMS 116841 405 £ 40 534 513 - 537
31.00 - 31.50 concentrated charcoal CAMS114723 1295+ 35 1235 1182 - 1325
49.00 - 49.50 concentrated charcoal CAMS 114724 2275+ 30 2305 2266 - 2443
59.25 - 60.00 concentrated charcoal CAMS116840 2805 40 3154 3104 - 3167
86.25 - 87.00 wood macrofossil CAMS 80792 4155 £ 40 4691 4560 - 4833
96.50 - 97.50 concentrated charcoal CAMS116839 4875%35 5742 5630 - 5746
123.00 - 123.50 wood macrofossi CAMS 80794 6555 + 40 7462 7367 - 7552
Wild Tussock Lake
31.00 - 31.25 concentrated charcoal CAMS112143 189545 1845 1737 - 1955
53.25 -53.75 concentrated charcoal CAMS113763 2880 +60 3012 2820 - 3167
69.25 - 70.75 concentrated charcoal CAMS 122363 3360 + 35 3601 3516 - 3714
116.00 - 116.50 concentrated charcoal CAMS112144 4920+ 70 5671 5461 - 5831
111.75 - 113.75 concentrated charcoal CAMS116228 4590 +50 5578 5572 - 5580
132.75 - 133.50 concentrated charcoal CAMS116229 5660 + 120 6991 6833 - 7013

1CAMS: Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, Livermore,

CA.. 2 Conventional radiocarbon years before present (AD 1950). 2 Calibrated using CALIB 5.0 and the
INTCALO4 calibration dataset (Reimer et al., 2004); weighted median of the probability distribution function

with 95% confidenceinterval (Telford et a., 2004). * Date not used in chronology; see Results for explanation.
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Table3.4. Probability of Type-I error for within-site, between-zone
(shaded), betweentsites, within-zone (non-shaded, boxed), and
between-site, between-zone (non-shaded, nor-boxed) comparisons
of FRI distributions using the likelihood ratio test. Values< 0.05
arein bold. The sample size of FRIs (n) in Herb Tundraand
Deciduous Woodland zones was< 5 and were thus not compared.
Zone abbreviations: Shrub Tundra (ST), Forest-tundra (FT), Borea
Forest (BF).

Zone ST|FT FT FT FT|BF BF BF

Site XI'| RP XI CO WK|RP CO WK
n 22|11 5 0 9]29 35 35

ST RP 20]0.85/0.00 0.00 na 0.06/0.53 0.66 0.74
ST Xl 221 -- 0.010.00 na 0.02 0.39 0.89 0.57
FT' RP 11} - - [0.02 0.00 0.01
FT. XI 5] - - 0.02 0.00 0.01
FT CO O - - | na | na na
FT WK 91 - - - - - 029003012
BF

BF

RP 29| - - — - - -- 10.46 0.80
co 35| - - - - - - - [0.55
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Table3.5. Sensitivity of FRI distributions to threshold criteria used for peak identification. For each zone,
within each site, fire-history parameters are given for each of the three threshold criteria considered.

Fire-history parameter (95% CI) and threhsold criterion*

Lake Weibull b parameter (yr) Weibull ¢ parameter (unitless) mean firereturninterval (yr)
Zone 0.95 0.99 0.999 0.95 0.99 0.999 0.95 0.99 0.999
Ruppert Lake
Shrub Tundra 132 149 196 2.63 1.68 1.38 115 133 177
(109-155) (110-193) (127-275)  (2.17-3.48) (1.35-2.95) (1.13-2.22)  (97-136) (99-171) (115-248)
Deciduous ) ) ) ) ) ) 284 246
Woodland (207-393) (235-258)
Forest-tundra 25 365 492 1.29 1.42 1.25 206 330 457
(154-324) (215-529) (231-822)  (1.11-1.77) (1.11-2.47) (L01-2.72)  (138-290) (194-478) (203-746)
Boreal Forest 177 189 255 1.75 1.68 1.99 157 168 227
oreal For (141-215) (150-235) (195-312)  (1.50-2.46) (1.40-2.33) (1.53-2.97)  (125-192) (133-208) (175-279)
Xindi Lake
Shrub Tundra 151 157 157 1.89 2.08 2.03 132 139 139
(121-186) (127-192) (123-192)  (1.60-2.46) (1.74-2.87) (1.67-2.80)  (106-162) (113-171) (111-172)
Deciduous ) ) ) ) ) ) 416 ) )
Woodland (380-452)
372 388 388 4.30 4.36 4.36 338 353 353

Forest-tundra 50> 498) (282-446) (291-446)  (2.61-13.22)(2.25.25.53)(2.25-21.09)  (262-406) (252-431) (261-431)

Codel ake
Forest-tundra - - - - - - 44 - -
(350-774)
154 169 213 2.02 2.10 133 135 150 202

Boreal FOrest (130-180) (142-107) (153-286)  (1.72-2.79) (175-2.87) (1053.13)  (114-158) (125-175) (137-296)

Wild Tussock Lake

Forest-tundra 183 269 344 1.82 1.68 1.96 161 240 308
(133-241) (158-370) (204-456) (1.43-3.41) (1.1-4.85) (1.10-5.99)  (115-214) (146-333) (190-418)
166 172 168 1.69 1.73 1.96 146 151 148

Bored Foret  (131.208) (138-209) (139-201) _(142-2.45) (1.45-2.77) (153:3.38) _(116-179) (120-183) (123-178)

1 Percentile of the C e distribution used to select the threshold value; see Methods for detials.




74

170 W 140

BI'DUJ‘S Rﬂng@
Hoatak ku% 5
y & ,/-<\ I\L
' r,\ e e 1 ‘_..‘F "—

Seward ¥ e
Peninsula f A . ‘l\
1,

F
F

100 o 100 200 300 400 BEO0km
£y X L MEERMEN I 1

= e --
BE N 4
A
ETAN 1542 W 1525 W 161.6° W 1616 W
5 _ 0 10 20 km
[11] ]
Code g
. ¥ -
8T N o "
; = Xindi Wild Tussock
| ® Ruppert Pt
= e
{ \
|
|
| ® Beltles
e.s,a'nl - X iy

Figure 3.1. Location of lakesin this study and others discussed in the text (1, Dune Lake; 2, Low Lake; 3,
Moose Lake; 4, Chokosna Lake). Grey polygons are areas that have burned within between AD 1950-2003
(AlaskaFire Service 2004), and the dashed line on the lower map is the southern border of Gates of the
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line at the median; “+” represents outliers.



81

"(ApAnoadsal ‘uonnquisip =0 ayy jo a|nusased ,6'66 PUE 66 ‘,G6 U} 03 SPUOASS1I0D Pausep ‘P1j0s ‘Pausep ‘Saul| [eD1LSA) PRJSPISUOd SN e
PIOUSaIU} 881U} B3 pUe ‘(3Ul] P1|0S Y21U3) SN feA PoYsaIy} JO UoHounye se pa1yusp| syead Jo Jaguunu ay) ‘(Bul] pausep 41U} ‘9AINd fewou) Jusuodiod
310U~ 5141 JO UOIING LIS IP PA PPOW ‘San oA %99 jo WeBOISIH :Z Uwin|oD *(SMO.) 315 Yyoes 10y (+, YlIm pajuasa.dal uoiepidielul Jo) pasn uo Lol Lo
3|nusosed U166) UOLBILID PlOYsaIY} yJes yum paiynuspl syead pue ‘spusil (JA 00G) Aouenbaij-wo| ‘spiogel ¥ YHO paejodeiu| iT uwinjod ‘g eainbi

:.S e sa021d) anjea yyHD [enpisal

€0 4 Lo 0 Lo
0 =T : Ewnn 0
! !
)
5 0 F F 5200
p H
< Ml £ aye)
< i ! soo &
g \ i YI08SM|
£
3 H t I
2 \ 100 5 P
#* 09 ' k|
79500=
a|nuadsad b6 Lo ]
r0 €0 0 Lo 0
0 a E% 0
5200
B .,E i
= 0T 1} 1 i
2 v / 600z
3 1 ] <k ByET]
= v 3
m ' 5400 apon
2 or \ &
#* R
£L00=
alquediad 66 5710
S0 Z0 GO
0 0 L
° o b
20 500 & *
5 a
2 i ayE o f
- o k]
£ ov slo £ Ipund ..
54 4 & 2
a B k
H* a o
09 3c00= 5ZZ'0 il .
a|nusdad b6 A
90 ro zo 0 0 o L i 3 L % ] 4 (] [ o | zl El
0 oo iR Fad T T R T Y ] 3 .
o 08 _; . 7
3 Vil ri B
LS (Yl b .
5 =
2 ® _ o Z W
2 b [og u=ddny
X Leoz
2 o6 H [ g
# Eq
95900 = - B 1 5
5270 PR, cpe) |
oet eluecsed 66 B 4§ Baig | FPITHESID S | ssorpaana | T T T 1T | T |




82

*(SM01) 3115 YyJes Te (SuLwin|od) auoz uoteeBan ydes Uiyim paiynusp! (PUN) sau)
Jo Jequunu pue ‘(1D %G6) SId4W ‘(1D %S6) Selew 1se lepuwefed o pue g YliM SppoL |[NgBAA PN ‘S|¥ Jo uonnguisidg ‘g’ aanbi4

(1) 144 (14) 144
000L  0S. 005 OST 0 000L 05 005 OSE ]
0
1o
4]
2
€0 2
seuy sa B
£= N 0b=""N =
£€81-021) 161 = [ddw w0 (€e-9r1) OpT = Radw vo B
(LLTSF L) ELL = 21aM (S8p-1 L) 89t = o1am Z
(60z-8€L) T4 = G lam (04€-851) 692 =  laa
50 ]
1sa.104 |[eatog elpuny}saiod
927 %420SSNL Pl e %208SNL Pl
000 084 00§  OSC 0 ook 0SL 008 O0SE ]
0 At
T
] Feo g
2
ES
lrg 8
zo 70 2
vl
a
£0 €0 8
saly =
szl oL = dw =
- _san R
(I8TEL LT = o1 LA k=N L]
(L6L-ZrL) 691 = G 1AW
] ‘50
152404 [e2Jog 2IPUN}IS2J04
aye 9poD e apoD X
(A1 C8 R
000 0S8/ 00§  OSE 0 oogl o 084 O0S O ] oML 0% 00 IR [ 0guL USL a8z ]
0 E h] 4 o
vo 1o 0 103
8
ES
Z0 0 oo 0 m
T
o
<0 Bl ] £0 3
_oonp, 2
£7-Z5Z) €5E = MW _ o = 7
(e5 €Sz 9E T = 2 1AM LA =" vo Fn I g
(or-ze) 88 = 0 1AM
Dl El 1] ]
eipunyisalo BUEROOH SNTARI2A BIPLUN] GRULS BADUNL o2
e IpuIx e 8T BUIX e IPUY
000l  0SL 00§  OST 0 0001 0SL 00§ 0% 0 oogl 084 005 OSE 4 [V (R =T v S a ool CEL a6z
Y S S - -~ . ) o L
[
10 ' o 0 E
) v t
:
g
z0 z0 Zn £o 2
S
=
g0 g0 £0 2
{ ) -y ! =
80TEEL) 891 = 4w 94tb6L) 0EE = 143w " . o ¥ _ou o ¥
(EET7'L)89L = 2 1AM LA T zr L = 21am g #="" LAY (267 5E g DERRL E
(SEC-05L) 681 = G 1am (625-51Z) S3€ = G 1AM 1961 0LL
50 ] 50 &0 50
1se0 [eaiog eJpunyiselo B oA, SRR Y80 RO grug RABLINY qaaH

oy paddny e peddny ase] Peddmy xR Jetdmy R A tmy



83
CHAPTER 4. IMPACTS OF CENTENNIAL AND MILLENNIAL-SCALE CLIMATIC CHANGE
ON BOREAL FOREST FIRE REGIMESIN THE SOUTHCENTERAL BROOKSRANGE, ALASKA

Philip E. Higuera', Linda B. Brubaker, Patricia M. Andersorf, Feng Sheng HW?, and Ben
C. Clegg®, Thomas Brown*

!College of Forest Resources, University of Washington, Seattle, WA

Quaternary Research Center, University of Washington, Seattle, WA

*Department of Plant Biology, University of Illinois, Urbana, IL

*CAMS, Lawrence Livermore National Laboratory, Livermore, CA

SUMMARY

L ake sediments from the southcentral Brooks Range, Alaska, are used to infer the
influence of climatic change on boreal forest fire regimes (defined by fire return intervals,
FRIs). Macroscopic charcoal and fossil pollen provide estimates of FRIs and past
vegetation at 3 sites since 5.5 k calendar years before present (AD 1950; ybp) and a
fourth site since 2.2 k ybp. FRIs from each site, representing c. 1-3 kn? (local scale), and
from a composite record, representing the 150-km wide study area (landscape scale), are
statistically compared between climatic zones, which in turn areinferred from an existing
centennial-scale carbon- and oxygenisotope record from the study area. In general, FRIs
did not differ between climatic zones at the local scale. At the landscape scale,
significantly different FRIs were distinguished between three climatic zones. The mean
FRI (mFRI; 95% CI) was 173 yr (140-209) between 5.0 and 2.7 k ybp, when conditions
were as dry or drier than present. The mFRI decreased to 127 yr (112-142) after 2.7 k
ybp, even though climatic conditions were apparently moister, with no apparent change
in vegetation. This pattern is consistent with previous studies from Alaska and Canada
and suggests that moisture variability and the frequency of fire-conducive weather may
have increased c. 2.7 k ybp due to a shift in atmospheric circulation in the North Pacific.
FRIs were insensitive to a moisture increase c. 1.2 k ybp, but the mFRI increased by 50%
to 190 (134-244) yr with the onset of the Little Ice Age cooling (400 ybp). The varying
responses of fire regimes to late Holocene climatic change emphasize the need for a
rigorous understanding of climatic and nonclimatic variables to both infer past climatic

conditions from fire records and anticipate future fire regimes.
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INTRODUCTION

Current and future warming across the boreal biome has motivated concerns over
changing fire regimes, their impacts on ecosystems and society, and their potential
feedbacks with the climate system (Serreze et a. 2000, IPCC 2001, Al Cl 2004, Hinzman
et a. 2005). Climate influences the fire regimes® of boreal forests at a variety of spatial
and temporal scales through its effects on fuels, moisture levels, ignition rates, and fire
weather (Johnson 1992, Hess et al. 2001, Duffy et a. 2005, Hu et al. 2006). Across the
North American boreal forest, fire isfavored by warm, dry weather conditions (Flannigan
and Harrington 1988, Larsen and MacDonald 1995, Larsen 1996, 1997, Flannigan et al.
2005), typically associated with persistent high-pressure systems that develop during
summer months ("blocking highs'; Nash and Johnson 1996). The development of
blocking highs, in turn, is linked to synoptic-scale circulation patterns that vary at inter-
annual to decadal time scales (e.g. El Nino, Pacific Decadal Oscillation; Hess et al. 2001,
Duffy et a. 2005). Modern records also reveal that fire regimes vary spatially across
Alaskan boreal forests as afunction of growing season temperatures, precipitation, and
lighting-strike densities (Kasischke et al. 2002, Dissing and Verbyla 2003).

The impacts of climate on boreal fire regimes are less well understood at
millennial time scales (Hu et al. 2006). Intuitively, one might think that long-term and
short-term climatic variations should have similar effects, with increased temperatures,
ignitions and/or decreased moisture leading to increased fire occurrence. However,
millennial-scale records of fire history in boreal forests point to more complicated
interactions between climatic variables, vegetation and fire. In southern Alaska and
eastern Canada, for example, charcoal records from lake sediments indicate that fire
frequencies increased during periods of increased moisture in the late Holocene
(Carcaillet and Richard 2000, Carcaillet et al. 2001a, Lynch et a. 2004b). Interpretations

® In this paper we use the term “fire regime” to refer to the pattern of fire occurrence within an ecologically
relevant spatial or tempora domain: e.g. within an Ecoregion (Kasischke et al. 2002), or within a specific
climatic period. Across aregion, fire occurrence can be measured by annual area burned (hayr™), and
through time, fire occurrence can be measured by fire frequency (fireyr™) or itsinverse, firereturn
intervals (yr fire™).
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from both regions emphasi ze that increased seasonal to inter-annual climatic variability
(including summer droughts and/or ignition rates) could have modified the direct effect
of greater mean annual moisture on fire regimes. Furthermore, when climatic change
affects vegetation assemblages it can result in counterintuitive changesin fire regimes by
modifying landscape flammability (Rupp et a. 2002, Lynch et a. 2004b, Chapter 3).

The response of boreal fire regimes to climatic change at intermediate (multi-
century) time scalesis even less well understood. There are two main reasons for this
poor understanding. First, few centennial-scale climatic records exist in boreal regions.
Second, detecting multi-century changes in stand-replacing fire regimesis difficult based
on acharcoal record at asingle site, due to the limited number of fires that occur over
these time periods and the high temporal variability in fire occurrence at local spatial
scales (Hu et a. 2006). Obtaining an adequate sample size to characterize multi-century
changesin fire regimes is amain methodological challenge to fire history studiesin
forests with long fire return intervals. As highlighted by Gavin et a. (2006), the solution
to this problem requires a greater sampling density than typically employed in fire history
studies using sediment charcoal records.

In this study, we use macroscopic charcoal in lake sediment cores to reconstruct
boreal-forest fire histories at local and landscape spatia scalesin northcentral Alaska
(Fig. 4.1). We compare these fire histories to an oxygen and carborisotope record of
multi-century variations in effective moisture (the ratio of precipitation to evaporation)
devel oped specifically for the study region from sediments of Takahula Lake (Fig. 4.1,
Clegg and Hu, in prep.). Statistical comparisons of fire return intervals (FRIS) are used to
test the null hypothesisthat fire regimes did not change between periods of different
effective moisture over the past 5.0 k years. Pollen assemblages from the same records
provide a vegetational context for inferring the causes of past changesin fire regimes.
The fire histories presented here represent the first opportunity to evaluate the impacts of
multi-century to millennial climatic changes on boreal-forest fire regimes within the

region.
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STUDY L AKESAND REGIONAL VEGETATION, FIRE, AND CLIMATE HISTORY

The four study lakes are located along a 150 km E-W transect near the southern
border of Gates of the Arctic National Park, within the Kobuk Ridges and Valleys
Ecoregion (Nowacki et al. 2001; Fig. 4.1). Current climate is continental, and vegetation
isamosaic of Picea mariana Mill. BSP., P. glauca (Moench) Voss., Populus
balsamifera Mill., P. tremuloides Michx., Betula papyrifera Marsh. trees, and Salix, B.
glandulosa Michx., and Alnus shrubs (climate and vegetation described in detail in
Chapter 3). Fireisthe primary disturbance agent, with an estimated fire rotation period
for the ecoregion of 175 yr, based on observations from 1950-2001 (Kasischke et al.
2002; Fig. 4.1).

Sediment cores were collected fromsmall (2-15 ha), relatively deep (7-15 m)
basins to maximize the probability of obtaining undisturbed charcoal and pollen records
(Jacobson and Bradshaw 1981, Larsen and MacDonald 1993; Table 4.1). The core from
Last Chance Lake (LC, unofficial name; 67°04'45" N, 150°45'08" W; 250 m asl) comes
from a 8.5 m deep, 7 ha sub-basin within the 34 halake; the characteristics of Ruppert
(RP), Code (CO), and Wild Tussock (WK) lakes are described in Chapter 3. Each lakeis
surrounded by discontinuous P. mariana forest. Recent fires at RP, CO, and WK are
described in Chapter 3. Fires at LC burned to 6 km west, 7 km east and 3 km west of the
lake in 1997 (9750 ha), 1994 (2475 ha), and 1984 (742 ha), respectively (Alaska Fire
Service 2004; Fig. 4.1).

The vegetation and fire history of this region has been described with sediment
records covering the last 10-15 k yr (Anderson and Brubaker 1994; Chapter 3).
Immediately prior to the development of boreal forest vegetation c. 5.5 k ybp (years
before present, AD 1950), the region was covered by Betula and Alnus shrubs with
scattered P. glauca. Fires were infrequent, with mean fire return intervals (mFRI) c. 250-
350 years (Chapter 3). The arrival of P. mariana c. 5.0-5.5 k ybp marked the transition
from forest-tundra to boreal forests similar to current forests of this region. mFRIs for the
entire boreal forest period were c. 150-175 yr (Chapter 3).

To evauate relationships between fire history and past climatic changes, werely

on a carbon and oxygentisotope record from Takahula Lake (c. 45 km northeast of
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Ruppert Lake; Clegg and Hu in prep.; Fig. 4.1), supplemented by several temperature
and moisture proxy records from Alaska (referred to below). The Takahula Lake record is
divided into five periods suggesting differert effective moisture and/or temperature
regimes since 5.0 k ybp. The period 5.0-2.7 k ybp isinferred to have been as dry or drier
than present, in agreement with interpretations of increased dune activity at the Great
Kobuk Sand Dunes c. 250 km west of the study area (Mann et a. 2002). From c. 2.7-1.2
k ybp, the Takahula L ake record suggests considerably wetter conditions than present
(Clegg and Hu in prep.) and dune activity decreased (Mann et al. 2002). Effective
moisture reached modern levels at Takahulac. 1.2 k ybp. Temperatures in the study
region since 5 k ybp are less well constrained, but glacial (Ellis and Calkin 1984, Evison
et al. 1998) and oxygen isotopes from the Brooks Range (Anderson et al. 2001) suggest
cooler temperatures than before with some periods possibly cooler than present. The
isotope record from Takahula also shows evidence of a pronounced cold period 400-100
ybp (AD 1550-1850), which coincides with other evidence of a Little Ice Age (LIA)
cooling (Clegg and Hu in prep.). For example, glaciers advanced or stabilized in the
Brooks Range 800-390 ybp (AD 1410-1600; Ellis and Calkin 1984, Evison et al. 1998);
tree-ring records near Ruppert Lake (Fig. 4.1) suggest c. 3-4 °C cooler spring-summer
temperatures from at least 120 ybp to 70 ybp (AD 1830-1880) relative to present
(Garfinkel and Brubaker 1980), and tree-ring records in the Brooks Range and across the
Arctic suggest mean annual temperatures c. 1.5° C cooler than present over asimilar
period (D'Arrigo and Jacoby 1993). In addition, geochemical and isotope evidence from
southcentral Alaska suggests that summerswere c. 1.7° C cooler and likely moister than
periods before and after 550-150 ybp (AD 1400-1800; Hu et al. 2001), and glacid
records from the Alaskan coastal ranges indicate advances or stand stills c. 550-150 ybp
(AD 1400-1800; e.g. Wiles et al. 1999, Calkin et a. 2001, Wiles et al. 2002). Thefifth
climatic zone (100 to -50 ybp) represents current conditions after the end of the LIA.
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METHODSAND RATIONALE

Sediment Records

Sediment cores were sampled and analyzed for pollen and charcoal using methods
described in Chapter 3. Briefly, cores were continuously sliced at 0.25-0.5 cm intervals
and macroscopic charcoal from continuous subsamples (LC mean = 6 cm®) was counted
at 10-40 x. Pollen was counted at 400-1000 x in 1 cm® subsamples from selected levels
(LC terrestrial pollen sum pu= 333 grains, s = 28). Sediment ages were estimated by
interpolating between “°Pb dates in the upper 10-20 cm and AMS C dates on charcoal
in deeper sediments (Table 4. 1) using a cubic smoothing spline (Fig. 4.2). The influence
of each date on the age-depth relationship was inversely weighted by its 95% confidence
interval, such that dates with larger errors had less influence onthe age model (e.g.
Telford et al. 2004b; Fig. 4.2). Sediment accumulation rates (cm yr™) were used to
convert pollen and charcoal concentration (# cm®) to pollen and charcoal accumulation
rate (PAR, grains cm?yr* and CHAR, pieces cmi?yr?, respectively). The mean
resolution of continuous samples from LC is 11 yr sample™ (s = 5). Before charcoal
peak identification CHARs were interpolated to 15-yearstime steps (e.g. Long et al.
1998), based on the mean sampling resolution at all sites (Chapter 3), to account for
variable sampling intervals within and between sites.

The dominant vegetation near each lake was interpreted based on pollen
percentages, stomata presence/absence, and modern analog analysis using squared-chord
distances (SCD; Overpeck et al. 1985, Anderson et al. 1989) and receiver operating
characteristic curves (ROC curves, Gavin et a. 2005) as described in Chapter 3. In the
analog analyses, fossil pollen assemblages were compared to modern assemblages from
North American Arctic Tundra, Boreal Forest, and Forest-tundra biomes (biomes
described by Whitmore et al. 2005; see Chapter 3).

Charcoal records were analyzed using a decomposition approach to estimate local
fire occurrence and fire return intervals (FRIS) as described in Chapter 3. Briefly, CHARs
were smoothed with alocally-weighted regression robust to outliers using a 500-yr
window (Cleveland 1979) and subtracted from the interpolated record to obtain aresidual
series, Coex, With the 500-yr trend removed. A threshold was selected for the Cpeax Series
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to identify charcoal peaks associated with “local” fire occurrence. Consistent with
recent literature (e.g. Clark 1990, Whitlock and Millspaugh 1996, Gavin et a. 2003,
Lynch et al. 2004a), “local” is defined as c. 500-1000 m of each lake, corresponding to an
area of c. 100-300 ha (1-3 k). Threshold selection assumes that residual CHAR series
contain two sub-populations, a normally-distributed “noise” population, C,gise, Caused by
sediment mixing, sediment sampling, and analytical noise, and a population of high
CHARSs, G, caused by local fire occurrence (see Clark et a. 1996, Gavin et al. 2006;
Chapter 3). Asin Chapter 3, we considered threshold values corresponding to the 95™,
99™ and 99.9" percentile of the estimated Chqise population to identify charcoal peaks but

report results for the 99™ criterion.

Statistical Treatment of Fire Return Intervals

Fire history records were analyzed to test the null hypothesis that fire regimes,
defined by distributions of FRIs, were insensitive to the climatic changes inferred from
the Takahula Lake record. The analyses addressed two spatial scales: “local”,
corresponding to the record of an individual site (c. 1-3 km?) and “landscape”,
represented by a composite record including all sites (c. 4-12 ki from the ¢. 150 kn?
study area). Given the larger area represented by the composite as compared to the single
site record(s), the composite record includes alarger number of FRIs per time period and
enhances the ability to detect small or short-term changesin fire regimes. For example,
consider fire regimes for two 900 year periods. If mFRIs change from 100 yr to 150 yr (a
50% increase) between periods, an average of 9 fires (900/100) would represent the first
regime and an average of 6 fires (900/150) would represent the second. Detecting this
change with > ¢. 30% power (i.e. probability of correctly rejecting the null hypothesis of
no difference) requires at least 10 FRIs (Appendix D). The only way to increase the
sample size of FRIswithin agiven time period is to sample more area by pooling FRIS
fromindividual sites. Three steps were used to reach this goal: (1) partitioning FRIs at
each site into different time periods (“zones’); (2) testing for between-site differencesin
fire regimes within each zone; and (3) testing for between-zone differencesin fire
regimesin individual and composite records (Fig. 4.3).
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For the first step, we used both a priori and a posteriori methods (Fig. 4.3, box
1). Apriori zones were based on the five climatic periods of the Takahula Lake record
(Clegg and Hu in prep.), and a posterior zones were based on the patterns observed in the
FRI series. Sincethetiming of a priori and a posteriori zoneswas similar (c. 300 yr
difference), only a priori zones are presented. FRIsin zones with > 5 FRIs were
described by aWeibull model fit by maximum likelihood techniques (e.g. Chapter 3;
Clark 1989, Johnson and Gutsell 1994). The goodness of fit was evaluated with a one-
sample Kolmogorov-Smirnov test (Zar 1999), and models are reported only if the
probability of aType | error, p, was > 0.10 (i.e. > 10% chance that the empirical
distribution is not different from the Weibull nodel; Johnson and Gutsell 1994). For all
zones, 95% confidence intervals for Weibull parameters and mFRIs were estimated from
1000 boot-strapped samples from each distribution

The second step (Fig. 4.3, box 2) used alikelihood ratio test to compare FRI
distributions between sites for each zone (Thoman and Bain 1969, Johnson and Gutsell
1994; Chapter 3). This test is more powerful than techniques previously used for this
purpose (Appendix D). For each comparison, the null hypothesis of no difference was
rejected when p < 0.05. If between-site comparisons for a given period showed no
differences, then fire regimes were considered similar and FRIs were pooled to form a
composite record (Johnson and Gutsell 1994). Forming a composite record assumes that
each site represents an independent, random sample from the same fire regime. Samples
here represent the fire regime surrounding small lakes, and although lakes were not
selected randomly, selection was based on factors unrelated to fire occurrence (e.g. lake
depth).

The final step tested for differences between zones in the individual and
composite record(s) using the likelihood ratio test described above (Fig. 4.3, box 3). If
FRI distributions were similar between adjacent zones, data from the two periods were
merged into one zone and the analysis was repeated until only distinct zones were
identified (Fig. 4.3).
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RESULTS

Sediment Records

Sedimentation rates at LC are stable over the 2.2 k yr record (0.013-0.124 cm yr™;
K1 =0.041; s =0.010). The lowest two dates at 90 and 110 cm, both from wood
macrofossils, arein reverse order (Table 4.1; Fig. 4.2), but the 90 cm date has a minor
effect on the age model dueto itslarge 95% CI (Fig. 4.2). Pollen assemblages at all sites
are dominated by Picea (P. glauca and P. mariana; Brubaker et al. 1983a, Anderson and
Brubaker 1994), Betula, and Alnus, and show minor long-term variations (Fig. 4.4). All
assemblages have a high probability of analog with modern Boreal Forest (RP, CO, WK)
and/or Forest-tundra (LC) (Fig. 4.4). At RP Picea pollen increases gradually from < 5%
to > 20% 5.5 -4.0 k ybp, and stomata first occur c. 5.0 k ybp (Fig. 4.4 a). In contrast, CO
and WK Picea pollen percentages are > 10% by 5.5 ybp but rarely exceed 20%. Picea
stomata are present at WK by c. 5.4 k ybp (Fig. 4.4). CHARs vary from<0.1toc. 0.6
pieces cmi? yr! across sites, with three peaks exceeding this limit at RP (Fig. 4.4). Mean
CHARSs generally increase between 5.5 and 4.0 k ybp at RP, CO, and WK and fluctuate
inconsistently thereafter (Chapter 3). At LC mean CHARSs are relatively constant until an
increase at c. 300 ybp (Fig. 4.5).

FireHistory

The intermediate threshold criterion identifies 21 charcoal peaks since 2.2 k ybp
at LC, (Fig. 4.5) and 31, 36, and 35 peaks since 5.5 k ybp at RP, CO, and WK,
respectively. Peak identification is relatively insensitive to threshold criteria at RP, WK,
and L C, but varies somewhat with threshold at CO (see Chapter 3). The fire that burned
to the edge of RP in AD 1991 (-41 ybp) is detected by a charcoal peak starting at -20 ybp.
Recent fires that burned to c. 1, 3, 5 and 7 km of CO, WK, and LC are not detected in the
charcoal record. The most recent peak at LC at -7 ybp does not correspond to a nearby
fire and may represent an unrecorded small fire at that time (Kasischke et al. 2002).
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Initial partitioning: Zonel (5.0 —2.7), Zone |l (2.7-1.2), Zone lll (1.2-0.4), Zone IV
(0.4-0.1) ZoneV (0.1-0.0 k ybp)

Zone I-111 FRI distributions were similar between sites (n =5-15, p > 0.10), with
the exception of CO and LC in Zonell (n= 11, 10; p = 0.01). Between-site comparisons
were not possible in zones 1V-V due to small sample sizes (< 5 FRIs), and we assume
these distributions were similar. Given the general absence of between-site differences,
FRIsfrom all sites were pooled into a composite record for all zones. In the composite
record, FRIs decreased between zones | and Il (n =43, 42; p = 0.04) and increased
between zones Il and IV (n =23, 6; p=0.03). In contrast, FRI distributions were similar
between zones Il and 111 (n =43, 23; p=0.14) and zones 1V and V (n=6, 5 p = 0.84).
Thus data for zones 11-111 and zones I V-V were combined and the analysis was repeated,

starting at the site level for each of the three zones.

Final partitioning: Zonel (5.0 —2.7), Zone l1-111 ( 2.7-0.4), Zone 1V-V (0.4-0.0 k ybp)

At individual sites, mFRIs decrease from Zone | to Zone 11-111 (by 25, 20 and
15% for RP, CO, and WK, respectively) and increase from Zone lI-111 to Zone IV-V (by
70, 32, 26, and 66% for RP, CO, WK, and L C, respectively; Fig. 4.6). However, the only
statistically significant shift is between zones | and 11-111 at CO (n = 15, 18; p = 0.04;
Table 4.2; Fig. 4.6). Within Zone | and Zone |I-111, FRIs distributions are similar between
sites (n=13-18, p = 0.09-0.89; Table 4.2, Fig. 4.6). Between-site comparisons were not
possible from Zone IV-V due to small sample sizes (< 5 FRIs), and again, we assume
these distributions are similar. Given the similarity among sites, FRIs from each zone
were pooled to form a composite record, resulting in 42, 65, and 11 FRIsin zones|, I1-
11, and V-V, respectively (Fig. 4.7).

In the composite record, Zone | is characterized by amFRI (95% CI) of 173 yr
(140-209; Fig. 4.7). The Zone l1-111 FRI distribution differsfrom Zone | (n= 65, 43; p <
0.01), representing a 27% decrease (MFRI 127 yr [112-142]; Fig. 4.7). The Zone IV-V
FRI distribution differs from Zone II-111 (n = 11, 65; p = 0.03), with a 50% higher mFRI
of 190 yr (134-244) yr (Fig. 4.7), but issimilar to Zone | (n =11, 43; p = 0.52).
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DiSCUSSION

Fireregimesat local spatial scales

The climatic changes documented at Takahula Lake had minor impacts on fire
regimes which were generally undetectable at the local scale (Table 4.2; Fig. 4.6).
Although all lake records showed the same directional changesin mFRIs, these changes
were small (< c. 25%) or persisted for short periods (< 1000 yr; Fig. 4.6). Therelatively
stable fire regimes documented since c. 5 k ybp contrast sharply with the distinct changes
in fire regimes recorded at the same sites (RP, CO, and WK) during the late glacial period
and early to mid-Holocene (c. 14-5 k ybp; Chapter 3). Climatic changes were much larger
prior to 5k ybp (e.g. Bartlein et al. 1991, Anderson et al. 2003) and influenced vegetation
at broad spatial scales, resulting in measurable changes in the fire regimes at the scale of
individual lakes (Chapter 3). The results of this study also contrast with charcoal records
from sitesin central Alaska (Dune and Low lakes; Fig. 4.1; Lynch et al. 2002, Hu et al.
2006) and eastern Canada (Carcaillet et al. 20014a), which show one or more distinct
change(s) in fire regimes within the boreal forest vegetation zone. The differences with
other sitesimply that (1) local fire regimesin the study area were less sensitive to late
Holocene climatic changes and/or (2) climatic changesin the study area were less
extreme than in other regions. Overall, the results of this study add to an emerging pattern
of gpatial and temporal complexity in late-Holocene fire regimes between southern,
central, and northcentral Alaska (Hu et al. 2006).

Fireregimes at landscape spatial scales

The composite record of FRIs documents changesin fire regimes that were not
detected at the individual site level. Fire regimes at this larger scale shifted twice, with
mean FRIs decreasing at 2.7 k ybp with the transition to increased effective moisture, and

increasing at 400 ybp with the transition to cooler Little Ice Age conditions.
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Fire regime shift at 2.7 k ybp

The 30% decrease in mFRI with the transition from dry to moist conditions 2.7 k
ybp is unexpected given recent data showing greater area burned in dry than in wet
summers in Alaska and Canada (Flannigan and Van Wagner 1991, Hess et al. 2001,
Kasischke et a. 2002, Duffy et al. 2005, Flannigan et a. 2005). However, charcoal
studies in southern Alaska and eastern Canada have also identified decreasing FRIs with
increasing moisture in the late Holocene (Carcaillet and Richard 2000, Carcaillet et al.
2001a, Lynch et al. 2004b). This pattern is also consistent with the higher fire occurrence
documented in tree-ring records from southern and eastern Canada during the cool, moist
Little Ice Age (Bergeron and Archambault 1993, Weir et al. 2000). In general, the shift to
shorter FRIs at 2.7 k ybp impliesthat the factors directly controlling past fire regimes
were not reconstructed in the Takahula Lake record and/or non-climatic variables exerted
strong influences over past fire regimes.

One possible explanation for shorter FRIs after 2.7 k ybp is that short-term
climatic variations, not registered in the Takahula record, were the major controls of past
fireignition and spread (Carcaillet and Richard 2000, Carcaillet et al. 2001a, Lynch et al.
2004b). In eastern Canada, a network of paleofire and pal eoclimatic records suggests that
alate Holocene shift in the polar front led to increased winter precipitation but more
frequent summer drought and thus to more frequent fire weather (Carcaillet and Richard
2000, Carcaillet et al. 2001a). Unfortunately, existing Alaskan climatic reconstructions
have not addressed variability in seasonal moisture. A recent paleoclimatic record
suggesting a weakening or western displacement of the Aleutian Low (AL) c. 2.7 k ybp
(Anderson et al. 2005; Fig. 4.8) may help explain the decrease in mFRI after thistime.
First, weak ALs are currently associated with increased winter precipitation in interior
Alaska (Mock et al. 1998), suggesting that at least some of the increased moisture after
2.7 k ybp came outside of the fire season (Fig. 4.8). Second, weak AL s are correlated
with atmospheric and oceanic circulation patterns that increase the probably of firein
interior Alaska (Duffy et al. 2005). In particular, weak ALs are common during (1) the
cool phase of the Pacific Decadal Oscillation (Trenberth and Hurrell 1994, Duffy et al.
2005), and (2) the positive phase of the East Pacific index (Barnston and Livezey 1987).
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Both patterns favor meridional airflow and the development of blocking highs during
the summer. Thus the correspondence of decreased FRIs with reconstructions of
increased moisture at Tukahula and a weakened AL in the North Pacific (Anderson et al.
2005; Fig. 4.8) is consistent with current evidence of annual to decadal climatic patterns
influencing Alaskan fire regimes (Duffy et al. 2005). Although the degree to which
modern data from Alaska (Duffy et al. 2005) apply to understanding millennial-scale fire-
climate relationships is unclear, the combination of modern data and the reconstructed
AL pattern suggest that atmospheric circulation affecting the development of blocking
highs may have altered past fire regimes through impacts on fire weather.

An alternative explanation for decreased FRIs after 2.7 k ybp is that non-climatic
factors, such as vegetational change, led to an overall increase in landscape flammability
(e.g. Lynch et al. 2002, Rupp et a. 2002, Lynch et al. 2004b, Chapter 3). Because P.
mariana has abundant fine fuels but occupies moist sites (Dyrness et a. 1986, Viereck et
al. 1986), interpretations of Alaskan sediment records have recently argued that a shift to
moister climate could indirectly result in higher fire frequencies (see summary by Hu et
al. 2006; Chapter 3). Unfortunately, pollen data offer limited insightsinto this hypothesis.
The dowly increasing Picea pollen percentages at Ruppert Lake 5.5-4.0 k ybp are
consistent with the gradual development of P. mariana boreal forests, but neither Code
nor Wild Tussock pollen records show this pattern (Fig. 4.4). While our stomata data and
previous studies suggest that P. mariana was present near Ruppert Lake by 5.0 k ybp
(Fig. 4.4; Brubaker et a. 1983a, Anderson and Brubaker 1994), there is little evidence for
changes in the proportions of either species over the past 5.0 k (Brubaker et al. 19833,
Anderson and Brubaker 1994).

Insensitivity to the climatic shift at 1.2 k ybp

The decline in effective moisture c. 1.2 k ybp had no detectable impact on FRIsin
the study area. Thisinsensitivity may reflect the small magnitude of the climatic shift or
the effect of complicated interactions among climatic variables. For example, drier
conditions could have favored fire spread, but the overall probably of fire might not have
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changed if ignition rates declined. This possibility is consistent with the hypothesis that
aweaker AL increased the frequency of severe fire weather c. 2.7 k ybp. The AL
reconstruction suggests that the strength of the AL increased c. 1.0 k ybp, with much
greater variability from 1.0 k ybp to present compared to 3.0-1.0 k ybp (Anderson et al.
2005; Fig. 4.8). Following the same logic outlined above, this change could have led to a
decrease in the frequency of severe fire weather, counteracting the impacts of lower
effective moisture.

Did the Little Ice Age (L1A) affect the fire regime?

The correspondence of a’50% increase in FRIs in the composite record with LIA
cooling at Takahula Lake, and the correspondence of cool summers with reduced fire
ignitions and spread in Alaska (Hess et al. 2001, Kasischke et a. 2002, Duffy et al. 2005)
suggest that cool temperatures directly influenced fire regimesin the study area. L1A
moisture conditions are unclear at Takahula Lake (Clegg and Hu in prep.), but evidence
from southcentral Alaska suggests an increased moisture during the LIA (Hu et al. 2001).
Increased FRIs under a moister climatic conditions are also consistent with adirect
influence of climate on the fire regime (Kasischke et al. 2002). Although Clark (1989,
1990) detected decreased fire frequencies during the presumably cool/moist LIA in
northwestern Minnesota, few other sediment-charcoal studies have found changesin fire-
regime during the LIA (e.g. Gavin et a. 2003). The absence of LIA effects may reflect a
genera insensitivity of boreal fire regimes to short-term climatic oscillations, or the

difficulty of detecting short-term changes with individual sediment-charcoal records.

Detecting short-term or subtle changesin fireregimes

The ability of the composite record to distinguish fire regimes between climatic
periods highlights the importance of pooling fire history data from multiple sites (Gavin
et a. 2006). Dueto the long return intervals and high temporal variability of firesin
stand-replacing fire regimes, individual lake records can detect only relatively large or

long-lasting changes in a fire occurrence (e.g. > 30-50% over millennial time scales), for
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example those between major Holocene climatic periods (Chapter 3). Detecting sub-
millennia changes in stand-replacing fire regimes will aimost certainly require pooling
datafrom several sites, an approach used in tree-ring (e.g. Johnson and Gutsell 1994) but
not sediment-charcoal studies of fire history (but see Gavin et a. 2006). The compositing
approach used here alows the statistical assessment of large numbers of FRIs but comes
with several assumptions that are difficult to assess over short time periods and/or in the
absence of independent climatic and vegetational records.

First, fire regimes are homogenous across sites and within time periods. At
millennial time scales, this assumption can be tested using between-site comparisons ad
independent climate and vegetation records. However, this assumption is difficult or
impossible to evaluate at short time periods because individual records document few
FRIs. For example, in this study the limited number of fires since 400 ybp prevented
statistical comparisons between sites (Fig. 4.6). Second, zone boundaries represent
climatic changes that could affect fire regimes (Johnson and Gutsell 1994). Ideally zone
boundaries are based on a priori hypotheses, for example that fire regimes changed with
known climatic and/or vegetational shifts (Chapter 3). With a posteriori hypotheses, the
probability of Typel error, p, in statistical comparisons should be adjusted accordingly.
Within a 5000-yr record representing the same fire regime, one would expect one 250-yr
period to yield ap of 0.05. In this case, interpreting this period as “ statistically
significant” is misleading. Finally, FRIs at each site are independent samples of the fire
regime. If two sites are burned by the same fire(s), then pooling FRIs would artificially
increase statistical power (i.e. pseudo-sampling). This assumption is particularly
important when fire sizes are large, asin boreal forests. In this study, the timing of fire
occurrence does not suggest that individual fires burned multiple sites (data not shown),

but thisinference is limited by the temporal resolution of sediment charcoal records.

Conclusions

This study has several implications for describing and inferring the cause of fire
histories with sediment charcoal records. In boreal and other stand-replacing fire regimes,
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detecting subtle or multi-century changes in fire occurrence will require pooling data
from multiple sites (Gavin et al. 2006, Hu et al. 2006). The compositing method
employed here provides sample sizes sufficient to detect a 30% decrease in mFRI over
the late Holocene and a 50% increase in mFRI since 400 ybp. However, inferring the
causes of past fire-regime change requires additional information about variables
controlling fire occurrence (e.g. climate and vegetation). The results of this and other
studies demonstrate the potential complexity of this process. For example, increased FRIs
since 400 ybp are consistent with Little-lce-Age cooling (Hu et al. 2001, Clegg and Hu in
prep.). In contrast, the increase in FRIs with moister conditions 2.7 k ybp is inconsi stent
with the general interpretation of fire-climate relationships. Finally, the lack of change at
1.2 k ybp implies no response to climate. Ultimately, an understanding of the patterns and
causes of boreal fire history depends on avariety of studies that (1) reconstruct fire
regimes at sub-regional scales, (2) reconstruct climatic and vegetational variables most
relevant to fire ignition and spread (e.g. summer moisture levels), and (3) test hypotheses
about the causes of fire-regimes changes using conceptua or numerical models linking
climate, vegetation, and fire at a variety of scales (e.g. Rupp et a. 2000b). Thus this study
emphasi zes the need for a rigorous understanding of climatic and non-climatic controls of
boreal fire regimesto infer past climate based on fire history or anticipate the
consequences of future climate change in boreal ecosystems (e.g. Calef et al. 2005,
Flannigan et al. 2005).



Table4.1. AMSradiocarbon dates for the Last Chance L ake sediment core.
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Sample depth 14C datg®  Calibrated
(cm) Material Dated Laboratory ID*  (yr BP) dat€’ 95% CI
Last Chance Lake

25.75 - 26.75  concentrated charcoal CAMS 116842 510 = 35 643 631 - 646
50.75 -51.30  concentrated charcoal CAMS 114334 1230 + 60 1158 1040 - 1313
74.25 - 75.25  concentrated charcoal CAMS 116843 1480 + 35 1520 1506 - 1522

89.5 -90.0 wood macrofossil CAMS 113766 2310 £ 45 2322 2212 - 2477
110.3 - 111.3  wood macrofossil CAMS 113765 2115 + 35 2084 1881 - 2168

lcAMS: Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, Livermore, CA.

2 Conventional radiocarbon years before present (AD 1950). ® Calibrated using CALIB 5.0 and the INTCAL04
calibration dataset (Reimer et al., 2004); weighted median of the probability distribution function with 95%

confidence interval (Telford et al., 2004).
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Table4.2. Probability of Type-I error for within-zone, between-site (shaded values), between-zone, within
site (boxed values), and between-zone, betweentsite (norn-shaded, non-boxed) comparisons of FRI
distributions using the likelihood ratio test. Values< 0.05 arein bold.

Zone I I I I I I
Site (6(0) WK RP (6(0) WK LC
n 15 15 14 18 16 17
I RP 13| 088 0745 | 0513 | 0121 0.344 0.036
I CO 15 - 0.706 0567 | 0.043 | 0.276 0.018
I WK 15 - -- 0.45 0.133 | 0.322 | 0.128
I RP 14 - -- - 0241 0763 0.184
I CO 18 - -- - - 0578 0.101
I WK 16 - -- - - -- 0.091
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Figure4.1. Location of lakes used in this study and others discussed in thetext (1, Dune Lake; 2, Low
Lake). Grey polygons are areas that have burned between AD 1950-2003 (Alaska Fire Service 2004), and
the dashed lineon the lower map is the southern border of Gates of the Arctic National Park. The black
dotsand larger circlesidentifying each lake on the bottom map are2 and 4 km in diameter, representing the
approximate spatia scale of each fire history record (i.e. 500-1000 m radius from lake). Climatic
interpretations are based primarily on a sediment core from Takahula Lake (triangle in lower map; Clegg

and Huin prep.)
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Figure 4.2. Age-depth model for Last Chance L ake based on a cubic spline interpolant between °Pb and
AMS C dates from terrestrial macrofossils. Error bars represent 95% confidence intervals (Cl).
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Figure 4.3. Framework for inferring impacts of climatic change on historic fire regimes. See methods for
the details involved in each step. *Using aK-Stest; 2 using alikelihood ratio test, as described in

“Methods...”.
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Figure 4.4 (a). Pollen percentages of selected taxa; total pollen accumulation rate (PAR); squared chord
distance (SCD) and probability of analog values for comparisons between fossil samples and those from
modern Boreal Forest, Forest-tundra, and Arctic Tundra; vegetation zones; and charcoal accumulation rate
(CHAR) for Ruppert (a), Code (b), Wild Tussock (c), and Last Chance (d) lakes. Filled (empty) circleson
Picea panel for Ruppert and Wild Tussock represent Picea stomata presence (absence). Triangles below
lower x axis represent the location of *C of %°Pb dates.
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APPENDIX A: EVALUATION AND EXPANSION OF A GAUSSIAN PLUME MODEL FOR
QUANTIFYING THE SOURCE AREA OF MACROSCOPIC CHARCOAL

Appendix A is a co-authored paper that tests and modifies the Gaussian plume model

used in CharSim (Chapter 2). As of June 2006, the paper isin review.
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ABSTRACT

To aid interpreting the source area of charcoal in lake-sediment records, we compare
charcoal deposition from an experimental fire (Lynch et al. 2004a) to predictions from a
Gaussian plume model. The model captures the two-dimensional patternsin the empirical
data (predicted vs. observed r? = 0.67, p < 0.001). We expand the model to calcul ate the
potential charcoa source area (PCSA) for several classes of fires. Results suggest that (1)
variations in airborne charcoa deposition can be explained largely by the size of PCSAs
relativeto fire sizes and (2) PCSAs are larger than suggested by dispersal datafrom

experimental fires.

INTRODUCTION

Sediment-charcoal studies began with the analysis of charcoal on pollen slidesin an
effort to reconstruct watershed-scale fire history over centennia to millennial time scales
(e.g. Swain 1973, Cwynar 1978, Green 1982). As summarized by Patterson et al. (1987),
these and other early efforts found ambiguous rel ationships between charcoal abundance
and either known or hypothesized fire histories. To explain these ambiguities, Clark
(19884a) presented a one-dimensional model of charcoal transport and diffusion for
particles of varying sizes and fall speeds. This model predicts that charcoal dispersal
distances should increase with wind speed and injection height and decrease with particle
size and particle density. Due to the physical differences between microscopic (pollen
slide) and macroscopic charcoal?, the former travels long distances (10°10? km) while

the latter is more locally dispersed (10*-10°m). The differencesin dispersal distances led

! We use the term “microscopic charcoal” to refer to charcoal on pollen slides, typically <~ 50 pmin
diameter (Patterson et al. 1987). We use the terms “ macroscopic charcoa” or “thin-section charcoa” to
refer to charcoal pieces>" 50 um quantified via the sieving method (Whitlock and Anderson 2003) or thin-
section analysis (Clark 1988b).
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Clark (1988a) to suggest that the two-dimensional source area of microscopic
charcoal was substantially larger than that of macroscopic charcoal, with microscopic-
charcoal records representing regional burning and macroscopic-charcoal records
representing fires within several hundred meters of alake. This suggestion has since
received empirical support from many studies (Clark and Royall 19953, Clark and Royall
1996, Whitlock and Millspaugh 1996, Gavin et al. 2003, Lynch et a. 2004a, Higuera et
al. 2005b). Nevertheless, there is no strong theoretical foundation for predicting two-
dimensional charcoal source areas and for understanding the effects of different source

areas on sediment charcoal records.

To explicitly calculate charcoal source areas, Clark’s (1988a) one-dimensiona model
must be expanded into its two-dimensional form. In this paper, we (1) present the two-
dimensional form of the Gaussian plume model used by Clark (1988a); (2) evaluate the
model’ s suitability for simulating charcoal dispersal by comparing its predictions to
charcoal deposition from an experimental fire; and (3) expand the model to produce a
visual and numerical representation of charcoa source areafor several classes of fires.
This exercise aids the interpretation of fossil charcoal records by illustrating relationships
between charcoal source areg, fire size, and temporal patterns of airborne charcoal
deposition. The framework developed here also serves as a foundation for more complex
modeling approaches (e.g. Higuera et al. 2004) that are needed to understand the effects
of fire size, charcoal dispersal and charcoal taphonomy on charcoal accumulation in

sediment records (Whitlock and Anderson, 2003).
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THEORY

Incidents of gas warfare during World War One led the British government to establish a
research program in the 1930’ s to study the diffusion and transport of particlesin the
lower atmosphere. Results of thiswork were published in two papers by Sutton (1947b,
19474), the second of which presents general formulas for the concentration of smoke
particles reaching any point as a function of the particles emitted from a continuous point
source at an arbitrary height. Particle deposition in these results was purposely ignored.
Chamberlain (1953) generalized Sutton’s work to allow for deposition and presented

closed-form solutions for the concentration of particles deposited at the ground as:
2v,Q(x) ®-y> 0 @&-h2 0

oY) = up C,C, X" engcixz‘” gengW; 1)

b 4y, €, @ho" U

Q(x) =Qyexp| =& X" +c—+ (G(-m+1)- G (- m+1))dy
O TnuCz p 8 gcz (%] ( ( ) ( ))léi; (2)

Equations (1)-(2) depend on the parameters described in Table 1. ¢ isthe concentration
of particles deposited on the ground at the point (X, y), assuming the source to be at x = 0,
y =0, and height h. Q(X) represents the concentration of emitted particles that have been
transported beyond a distance x. Equation (2) is the same as equation (6) in Clark
(1988a). Consequently, Clark’s one-dimensional results (i.e. Fig. 4 in Clark 1988a) can

be interpreted as the integral over all y of the two-dimensional resultsin Figure 1.

Equations (1)-(2) can be understood physically as a map of the proportion of charcoal
deposited at varying distances from a single point source. For example, macroscopic
charcoal released from asourceat x =y = 0, height h = 14 m, with a5 m s* wind blowing
from left to right would result in charcoal deposition illustrated in Figure 1a. The non

zero skip distance (i.e., no charcoa deposition) in Figure 1laresults from the unrealistic
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(but mathematically precise) release of particles from a single injection height. In the
crosswind (y) direction, the deposition is Gaussian for any x (Fig. 1b), and the integral

over y (Fig. 1c) isanalogous to Figure 4 in Clark (1988a).

Due to the symmetry inherent in the solutions of (1)-(2), Figure 1 has an aternate
interpretation (also explained by Clark 19884). It can also be viewed as a map of the
proportion of total charcoal deposited at the point x = y = 0 (i.e., the lake center) from
each point in the surrounding landscape when the entire landscape burnsin an infinitely
large fire and wind blows from right to left. Thus Figure 1 also gives avisual depiction of
the potential area contributing charcoal to the lake center under the stated assumptions on
wind and injection height. Areas burned outside of the contoured source area do not
contribute charcoal to the lake center via direct airborne fallout. To make this precise, we
define potential charcoal source areas (PCSA) as two dimensional maps anal ogous to
those in Figure 1(a). Each map is normalized by the total accumulated charcoal at the
lake center, resulting in a probability density function (PDF)’. The term “potential”
emphasizes that any single fire does not necessarily contribute charcoa from the entire

Source area.

METHODSAND RATIONALE

Comparison of Theory and Empirical Data

The PCSA described above gives the proportion of charcoal deposited at an arbitrary

point from an arbitrary source location; the integral of the PCSA over the area of an

7 ¥ ¥
The PCSA is defined to be PCSA(X,y) = ¢(X,Y) / O¢F (X, y)dxdy

10
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entire fire then yields the total charcoal deposited at a given point (i.e., alake)®. To

test the realism of this theoretical depiction, we evaluated the ability of equations (1)-(2)
to reproduce two-dimensional charcoal deposition patterns from a prescribed firein
boreal Canada (Lynch et al. 2004a) by fixing observed parameters and computing
optimum values of the remaining free parameters. In an effort to restrain the number of
free parameters and to test the model in its most basic configuration, we assume single

values for each of the dependent variablesin (1) asin Figure 1.

The 2.25-hafire studied by Lynch et al. (2004a) was one of several experimental firesin
the International Crown Fire Modeling Experiment (ICFME, Stocks et al. 2004). Data
from four evenly spaced transects of charcoal traps located 10-200 m from the edge of
this fire showed significant variation in charcoal density (mm cm®) with distance from
the fire edge (Fig. 2a, based on Fig. 2 in Lynch et al. 20044). Lynch et al. (2004a) fit a
negative-exponential curve to datafrom traps located inside as well as outside the fire,
which confounded airborne deposition with in situ charcoal production. We disregard the
data from trapsinside fires, as our goal isto test the model for airborne charcoal dispersal
away from burned areas. We do not use data from another experimental fire (Clark et al.
1998) because charcoal deposition in this study did not vary substantially within the

distances sampled.

We calculated the expected fall speed for each piece of charcoal collected by Lynch et al.
(2004a) using equation (1) from Clark et a. (1998). This equation predicts fall speed asa
function of particle size, particle density, acceleration due to gravity, and the density and

viscosity of air (Clark 1988a, Clark et al. 1998). Since (1)-(2) are relatively insensitive to

® The total accumulated charcoal from afire s equal to )OPCSA(x,y)dA

fire
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variationsin fall speed compared to injection height (see Results below), we used the

mean fall speed of all sasmplesin al transects in the subsequent analysis.

In the six fires of the ICFME, mean wind speeds at 10-m height varied between 3-7 m s*
during burning (Taylor et a. 2004); we use u = 5 m s as the estimated wind speed in the
following analysis. Although the wind direction observed at the time of the burn was
generally away from the fire and parallel to the direction of the transects (Jason Lynch,
personal communication), the systematic difference in the magnitude of the charcoal
deposited in transects 1, 2 vs. 3, 4 (Fig. 2) suggests wind direction was at some angle g to
transect direction. We allow for this possibility by treating wind direction as afree
parameter. The injection height and source strength Q (i.e. charcoal production) are less
constrained by observations. Accordingly, we take the effective injection height hto be a
free parameter and scal e source strength Q, to the maximum observed charcoal density
(mm2 cm™) in the charcoal traps. With these choices, we can calcul ate the total charcoal
transported to each of the trap locations using equations (1)-(2). We then used the
observed charcoal density in the traps to compute optimum values of g and h in the non
linear |east-squares sense (i.e. g and h minimize the root- mean-square error of the

difference between predicted and observed charcoa density in each of the 27 traps).

Sensitivity and Expansion of the Analytical M odel

The Lynch et a. (2004a) fire was small compared to naturally occurring wildfiresin
boreal forests (Kasischke et al. 2002). Given that plume heights are a function of heat
release (Chandler et al., 1983, cited in Clark, 1988a), which in turn isrelated to fire
intensity and arguably to fire size, the optimum injection height from our comparison

with Lynch et a.’s (2004a) experimental burn is probably at the lower bound of actual
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injection heights. We therefore consider the sensitivity of (1)-(2) to arange of

injection heights h. In addition, fall speed vy and wind speed u are expected to exhibit
large variability both within and between fires. Since vy and u only appear in (1)-(2) as
the ratio vg/u, we examine sensitivity to changesin either parameter from changesin u
solely. We assess the sensitivity of (1)-(2) to both injection height h and wind speed u by

varying each parameter independently while holding all other parameters constant.

Variations in wind direction become important as fire size and duration increase. To
calculate PCSAs that include variations in wind direction, we assume that wind directions
vary proportionally to the average June-August wind directions recorded in Bettles,
Alaska (1971-2000) and that each fire lasts long enough to adequately sample this
distribution. To include variationsin injection heights, we assume a distribution of h,
characterized by modal injection heights hyoge Of 10, 100, 1000 m. We also assume that
this distribution is negatively skewed, with a peak at large injection heights and along

tail at smaller heights (Fig. 4, row 1), based on two observations. First, small charcoal
particles that dominate charcoa deposition in experimental burns (Clark 1988a, Lynch et
al. 2004a) are lofted to greater heightsin afire’ s turbulent plume than are larger particles,
leading to an upward bias in injection heights. Second, fire activity isfavored in warm,
dry atmospheric conditions, often accompanied by strong inversions. These inversions
place a cap on plume height by trapping smoke below the inversion. In practice, the
shape of the h distribution has a predictable effect on the shape of the PCSA as explained
below. All other parameters for calculating each PCSA are the same as used for
predicting the Lynch et a. (2004a) dataset.

We present PCSAs by displaying the (1) cumulative amount of charcoal reaching alake

from within arange of radial distances, and (2) map of total charcoal reaching alake
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from each part of the PCSA. Both approaches illustrate the size of the PCSA; the
second shows the variability in charcoal deposition from within the PCSA dueto varying

wind direction and distance-from-lake.

RESULTS

The two-dimensional model captured the spatial pattern of charcoal dispersal (with q =
55° and h = 14 m) by predicting the strong dependence of charcoal density (mm2cm?)
on both x and y distances (Fig. 2b). Quantitatively, the model explained 67% of the
variation in the observed data (r? = 0.67, p < 0.001). The less-than-perfect correlation
occurs because observed charcoal densities peak at 40 m but the model predicts nearly
constant density from 10-40 m, with arapid decrease at greater distances. The model also

tends to under predict the lowest charcoal densities.

Both the size of the charcoal source area and the skip distance resulting from (1)-(2) are
highly sensitive to injection height h, scaling approximately with h? and h, respectively
(Fig. 3a). In contrast, source area and skip distance are relatively insensitive to wind
speed u (Fig. 3b). Thus the dependence of (1)-(2) on wind speed can be neglected given

realistic variability in injection height.

Charcodl transport for the 10-, 100-, and 1000- m h,qe SCENarios isinconsequential from
distances greater than of ~ 200, 1500, and 15,000 m, respectively (Fig. 4, row 2), and
skip distances are negligible as compared to those in Figure 3b. In each scenario, the
center of the domain (i.e. the lake) receives anearly constant proportion of charcoal from
each distance, resulting in anearly linear increase in cumulative charcoal deposition (Fig.

4, row 2). Most airborne charcoal deposited at the |ake comes from pixels closest to the
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lake and from pixels “up-wind” of the lake and along the dominant wind directions

(darkest portions of Fig. 4, row 3).

DiSCUSSION

Our explicit method for computing charcoal deposition on a two-dimensional landscape
reasonably depicts the charcoal deposited from an experimental fire. The largest
drawback to our method is that it remains untested for large, wildland fires. Large fires
would create greater spatial and temporal complexity than the experimental burn we
examined, and it is unclear how this complexity would affect our assumptions (e.g. of
injection heights). In addition, the theory underlying the analytical model was devel oped
from smoke diffusion experiments and previously remained untested for particles as large
as macroscopic charcoal. Despite these caveats, the agreement between predictions from
the model and observed charcoal deposition patterns (Fig. 2; Lynch et al. 2004a) suggests
that the model is a reasonable depiction of the processes of airborne charcoal dispersal

and charcoal source areas.

Our smulated PCSAs motivate two simple hypotheses about conditions creating variable
peak heights in sediment-charcoal records. First, the variability in airborne charcoal
deposition to a lake depends on the relationship between PCSAs and fire sizes (i.e. the
source-areato fire-size ratio). For example, if a 100-hafire originates within a small
PCSA (e.g. ~ 30 ha, represented by the 10 m hyoqe SCENario; Fig. 4, column 1), it will
almost always cover the entire PCSA, resulting in charcoal peaks equal to one. In this
scenario, multiple 100-hafires would create a nearly binary pattern of airborne charcoal
deposition through time, with distinct peaks when fires burn within the source area and

no charcoal otherwise. With larger PCSAs (represented by 100 and 1000 m hyoge
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scenarios; Fig. 4, row 3), the potential locations of 100-ha fires within the PSCA
increase. Thiswould result in greater variability in airborne charcoal deposition due to
location alone, because fires close to a lake deposit more charcoal than fires far from a
lake. A larger PCSA also allows for more fires of varying sizes to occur within the

PCSA, creating further variability in charcoal deposition through time.

Second, boreal-forest PCSAs are likely larger than those implied by Lynch et al. (2004a;
Fig. 4) and similar charcoal-dispersal datasets (Clark et a. 1998, Ohlson and Tryterud
2000). In particular, the lack of binary patterns of charcoal deposition in boreal forest
sediment records (e.g. Carcaillet et al. 2001a, Lynch et al. 2002, Lynch et al. 2004b), as
describe above, argues against the short charcoal dispersal distances suggested by these
studies. Larger PCSAs should result invariability in charcoal peak heights resembling
empirical records, because alarge range of fire sizes can burn within a PCSA. Given that
the potential areafor firesto burn increases by the square of radial distance, increased
area at long distances provides more opportunities for long-distance (e.g. > 1-10 km;
Whitlock and Millspaugh 1996, Pisaric 2002, Hallett et al. 2003) rather than short-
distance dispersal. Thus, even while charcoal dispersal is strongly biased towards short
distances, charcoal from long distances can ultimately comprise a significant proportion

of overall charcoal reaching alake (Fig. 4, row 2).

Overall, our results suggest that the variability in sediment charcoal records can largely
be explained by the fundamental characteristics of charcoal deposition. Based on explicit
representations of PCSAS, we propose that variations in the source-areato fire-size ratio
and the size and location of fires within PCSAs significantly affect patterns of charcoal
deposition. An explicit simulation-modeling approach should be fruitful for testing this

hypothesis and understanding these patterns in greater detail. The theoretical framework
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and analytical model developed here are afoundation for this next step in modeling

the effects of charcoal deposition on sediment charcoal records.
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TABLES

Table 1. Description of the parametersin equations (1)-(2).

Parameter Description / source

X distance downwind

y distance crosswind

Vg deposition velocity

Qo source strength

u mean wind speed (see Sutton 1947a)

G, .C, Diffusion constants (we use C, = 0.21, C,= 0.12; see
Sutton 1947a)

h source height

n measure of turbulence near ground (we use 1/4; see
Sutton 1947a)

m n/(4-2n)

X hZ/(XZ—nCZZ)

¥
=-meg 't ™idt
X
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FIGURE CAPTIONSAND FIGURES

Figure 1. (a) Map of charcoal density on aflat landscape deposited from a continuous
point source located at x =y = 0 m and height h = 14 m, with wind blowing from left to
right with wind speed u = 5 m s™. The depositional velocity Vg =156m s'was
calculated from empirical data collected by Lynch et al. (2004a), as described in
“Methods’. (b) A cross section in the y-direction along the line labeled A-B in part (a).

(c) Theintegral over al y.

Figure 2. Result of fitting the dispersal model (1)-(2) to the observed data from the
ICFME fire studied by Lynch et a. (2004a). () Layout of the fire studied by Lynch et al.
(2004a) trap locations with transect numbers, and the best-fit wind angle. (b) Predicted

(lines) and observed (circles) charcoa densities for the four transects.

Figure 3. Sengitivity of the dispersal model (1)-(2) to injection height and wind speed.
All plots asin Figure 1a, except note that the horizontal scale in (a) varies across two
orders of magnitude, while the scale in (b) remainsrelatively constant. (a) Injection
heights of 10 m, 100 m and 1000 m, from left to right, with the wind held constant at 5 m
s™. (b) Wind speeds of 0.5, 5 and 50 m s, from left to right, with the injection height

held constant at 10 m,

Figure 4. Potential charcoa source area (PCSA) for three modal injection height
scenarios (columns), including distribution of injection heights (row one), cumulative
charcoal deposited at the lake at increasing distances (row two), and a map of the PCSA,
including the empirical wind data form Bettles, Alaska, used to simulate variable wind

direction (row three). Color barsin row three represent charcoal density.
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Figure 2.
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Figure 3.

(a) Sensitivity to injection height, h
h=10u=5 h=100u=5 h=1000u=5

15 150 1500
2
f;\ﬂ

10 ’/“l‘\ 100 AR 1000

il
il

distance (m)
o
—\,.\‘:__\______,__%
n
o o
it m——
\
i
. =
=

SN N/ T/
-10 W -100 \ J/ -1000 \--/
-15 -150 -1500

0 50 100 150 0 500 1000 1500 0 5000 10000 15000
(b) Sensitivity to wind speed, u
h=10u=0.5 h=10u=5 h=10u=50
15 40
20
10
= 5 10 o\ 20 N
: 7
S o 0 \ 0 \
\Yi =/
k%) 5
°© -10 N\l -20 S
-10 20
15 i -40
0 50 100 0 50 100 150 0 100 200 300

distance (m)



Figure4.

147

Poge =10M B oge = 100 M g B oo = 1000 M
02 0.02 2
g
€ 015 0.015 15
e
=]
5 041 0.01 1
=
£
=]
£ 005 0.005 05
=
=
g
0 0! 0!
0 5 10 15 0 50 100 150 0 500 1000 1500
injection height (m)
1 1 1
8 08 08 08
]
ks
= 06 0.6 0.6
hel
H o4 / 04| 0.4
|
g 02 i o2 0z s
as fl=” o
0 80 100 150 00 o =00 1000 184 00 | 05 1
desimrce from kake im}p
1 4
—————— x 10 e 210
00 1 s 000 [
L3
100 L 1000 | .
E a @
£ 0 & a
i .
= oo K 4003 | "
2
e 0 = s [ 2000 a0 1




148

APPENDIX B: SENSITIVITY TO ASSUMPTIONS ON WIND DIRECTION AND THE
DISTRIBUTION OF INJECTION HEIGHTS

A singleinjection height is an unrealistic assumption for dispersal from a buoyant
plume, and it resultsin large skip distances at relatively low injection heights (Clark
19884). Thus, we assume the distribution of injection heights resulting from any single
fire is continuous with negative skewness (a peak at large injection heights and a long tail
at smaller heights; see Appendix A). We considered two other possibilities for the
distribution of injection heights: (1) injection heights vary log-normally, with most
particles exiting a plume at low elevations but a decreasing proportion exiting at much
higher elevations and (2) injections heights vary normally, with most particles exiting a
plume at a given elevation, and an equal number of particles exiting at given distances
above and below this modal injection height. Together with the negatively skewed
scenario, these three scenarios would result in three different cumulative distributions
functions describing charcoal deposition with increasing radii from alake (analogous to
row two in Fig. 2.2 in Chapter 2).

We evaluated the effects of all three assumptions by creating generic dispersal
tables resulting in cumulative distribution functions that are convex (y = r>?), linear (y =
r'), and concave (y = r*"™) (Fig. 6.1). The PCSA in each scenario, defined by the distance
from which 100% of the total charcoal deposited at the lake originates, had aradius of 15
km. We also tested the sensitivity of the model to assumptions on wind direction by
simulating identical fire regimes with and without variable wind.

The sensitivity tests have two important results. First, for any given dispersal
scenario, variation in wind direction do little to change the fundamental relationship
between C,;; and area burned at a given spatial scale (Fig. 6.1). While wind reduces the
maximum correlation between C,;, and area burned, as expected, the degree of this
reduction is minor compared to the variations associated with the changing radii
considered. Second, assumptions on the distribution of injection heights change the

degree to which acharcoal record islocally biased (or distance weighted), asillustrated
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by the relationship between C,;, and area burned (Fig. 6.1). While the radius of
maximum correl ation varies between scenarios, the more important differenceisin the
variations associated with different radii. The convex scenario is the most locally-biased
record, followed by the linear and concave scenarios (Fig. 6.1).

We chose to ssimulate injection heights based on the assumptions that most
particles exit a plume at a high elevation and proportionally smaller numbers of particles
exist at lower elevations (the negatively skewed scenario in the first paragraph above).
Thisis analogous to the linear cumulative charcoal distribution, the middle-of-the-road
scenario. Although we model asingle fall speed (which isafunction of particle size), we
also use the injection height distribution to implicitly represent some of the variation in
particle sizes observed in empirical records (Clark et a. 1998, Lynch et al. 20044).
Smaller particles are lofted higher than larger particles, due to the same properties
influencing particle dispersal. We assume that from any given 1 ha pixel in CharSim, the
majority of particlesinjected in a plume are small and lofted to heights near the modal
injection height, while a decreasing proportion of particles (assumed to be larger) are
injected to proportionally smaller injection heights. The effect of particle size on
subsequent transport is small and can be neglected compared to the effect on injection
height (Appendix A).



150

09 -
038 -
0T T
&
=
T
¥ 06 -
[y
w
5
o 05 -
=
ai)
p}
L)
5 04 idealized COFs T
E 1
= X RN tant wind = o
S pnal ;onvex, constan mn z S |
~-- W linear, constant wind = / .
ke CONCEVE, CONStant wind £ |/ 5%
02F —®— convex, variable wind s N -
—®&— |inear, variable wind = ,;p‘qﬂ,
—&— concave, varable wind
01F 0 -
u] 15
distance from lake (k)
02 | 1 |||||||3 | 1 |||||||lli 1 | ||||||5
10 10 10 10

distance from lake {m)
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solid line, variable or constant).
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APPENDIX C: MODERN ANALOG ANALYSISWITH FOSSIL POLLEN SAMPLES

We used sguared-chord distances (SCD) and receiver operating characteristic
(ROC) curves (Gavin et al. 2005) to evaluate the similarity of fossil samples to the 3654
surface samples north of 40° N latitude from the North American Pollen Database
(dataset summarized and described by Whitmore et al. (2005; Fig. 7.1). Only samples
from Arctic Tundra ("Arctic" in Whitmore et al. 2005), Boreal Forest, and Forest Tundra
were used for comparisons, because they yielded minimum SCD values (indicating
maximum similarity) when comparing fossil samplesto all modern samplesin a
preliminary analysis. ROC curves were constructed for each biome by conparing modern
pollen assemblage (including 57 taxa) of ever sample in each of the other two biomes to
every sample in the Tundra (206 samples), Boreal Forest (856 samples), or Forest-tundra
(405 samples) biome (Fig. 7.2). For example, for the Boreal Forest ROC curve, each
sample in Tundra and Forest-tundra was compared to each sample in Boreal Forest. For
each comparison, the mean of the lowest 1% of al SCD values was recorded. The area
under the ROC curve (AUC) is an objective measure of the SCD metric to discriminate a
given biome from the other two biomes, and ROC curves are useful when AUC > 0.05
(no ability to discriminate pollen assemblages from a give biome); AUC = 1.0 represents
perfect discrimination between AUC values for Arctic Tundra, Boreal Forest, and
Forest-tundrawere 0.88, 0.79, and 0.76, respectively (Fig. 7.2). For each SCD value (in
0.01-increment bins) alikelihood ratio was calculated from each ROC curve and fit with
anegative exponential model (log[likelihood ratio] = aSCD"+c; Fig. 7.2). Based on prior
odds of 1/3 (i.e. each sample has a 1/3 chance of coming from 1 of the 3 biomes), the
likelihood ratio values were used to calcul ate posterior odds (posterior odds = likelihood
ratio x prior odds), and ultimately posterior probabilities (posterior probability = posterior
odds/ (1 + posterior odds) (Fig. 7.2; Gavin et al., 2005). To classify fossil samples, each
sample (including 17 taxa) was compared to all modern samples within each of the three
biomes. The mean of the lowest 1% of all SCD values was used to calculate the
probability that the fossil assemblage was an analog to each of the three biomes used,
based on the probably-of-analog cal culations described above.
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Figure 7.1. Distribution of modern pollen samples from the NAPD dataset, classified according to biome (asin Whitmore et a. 2005)
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APPENDIX D: DETECTING CHANGESIN FIRE-FREQUENCY REGIMES: SAMPLE SIZE
AND STATISTICAL POWER

INTRODUCTION

Fire occurrence at any point in time or space is controlled by a suite of factors,
including climate (seasonal through decadal temperature and moisture patterns), weather
(daily to monthly temperature and moisture patterns), topography, vegetation (abundance
and flammability), and ignitions. Each variable contains a stochastic component creating
variability in fire occurrence, and therefore changes in fire frequency can represent either
ashift in the state of these systens or smply their inherent variability. In a statistical
framework, comparing two fire regimes requires a null hypothesis that the differences
observed between two “populations’ (i.e. fire regimes) are due to chance alone, and an
alternative hypothesis that the two populations truly differ. Interpretations of fire
frequency regimes, if one aims to compare patterns in time or space, can therefore benefit
from a statistical test to quantify the possibility of Typel and Type Il errors. In this case,
aTypel error isfalsely concluding that two fire frequency regimes are not similar, and a
Type Il error isfalsely concluding that two fire frequency regimes are similar.

Inferences on fire occurrence are often based on data from fire scars and sediment
charcoal records, which provide direct evidence of fire timing, or from stand age and soil
charcoal data, which provide time-since-fire estimates. Both types of data help
characterize the distribution of fire return intervals for a given temporal and/or spatial
domain. | term this characterization the “fire-frequency regime’, and it describes the
probability of asite burning as a function of the time passed since the last fire occurred.

Fire-returntintervals (yrg/fire) are simply the inverse of fire frequency (fires/yr). Often a
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distribution of fire return intervals can be accurately described by a Weibull model, as

has been done in both the Southwestern U.S. and North American boreal forests. The
Weibull model is advantageous over simply reporting a single fire frequency or mean fire
return interval because it contains information about the variability of fire occurrence, is
easily converted into a hazard function, and can also be used for predictive purposes.
Fitting fire occurrence data with a parametric model is also advantageous because it
facilitates more powerful statistical comparisons than are possible with nonparametric
methods (e.g. K-Stest).

In this paper | (1) illustrate the risks of comparing fire occurrence datain the
absence of statistical analyses, (2) present alikelihood ratio test to explicitly test the null
hypothesis of no difference between two populations, and (3) calculate the relationships
between sample size and statistical power for the likelihood ratio test and show that it is
more powerful than two alternative statistical techniques. Finally, based on the sample-
size power analyses, theoretical and practical conclusions are drawn for conceptualizing
fire regimes and designing studies to detect changes in fire occurrence over space and

time.

Quantifying fire-frequency regimes with Weibull distributions

By fitting a parametric distribution, such as the Weibull, to fire-return intervals
one makes two important assumptions. First, each fire-return-interval is assumed to be an
independent sample. Therefore, one must account for the possibility that a single (large)

fire burned two sampling sites at the same time. Counting this single fire return interval
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twice would be pseudo-sampling and thus falsely increase sample size. Second, and

perhaps more importantly, the variables that control fire occurrence (e.g. climate,
vegetation, topography, etc.) are assumed to be constant over the entire sampling domain,
which can be space and/or time. These assumptions are implicit in any comparison
between two sets of fire-return intervals, and they can be tested by measuring physical
and biological variables across space and/or time. The appropriateness of a Weibull
distribution as a description of any set of fire return intervals can and should be tested
with a goodness-of-fit test (e.g. a one-sample Kolmogorov-Smirnov [K-S] test; Johnson
and Gutsell 1994, Grissino-Mayer 1999).

Gissino-Mayer (1999) illustrates the utility of the Weibull distribution as a
descriptor of fire frequency regimes, with specific examples from ponderosa pine forests
of the American Southwest. A similar approach has been used describe fire frequency
regimes in boreal forests of eastern and northern North America (Clark 1989, Johnson
1992, Clark et al. 1996, Lynch et al. 2002). Weibull distributions can have two or three
parameters, but | focus here on the two-parameter form because it is ecologically
realistic, smplifies fitting the distribution to observed data, and more easily alows for
comparisons between sites (Grissino-Mayer 1999).

The two-parameter Weibull has a scale parameter, b, and a shape parameter, c,
and its probability density function (PDF), describing the probability of fire occurrence

given the time-since-fire, t, is defined as:

f (t|b,c) =cb *t>*exp(-[t/ §°) (1)
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Two other expressions of the Weibull have unique ecological interpretations. the

cumulative distribution function, F(x), and the hazard function, A(x) (see Clark, 1989,
Johnson 1992, Grissino-Meyer, 1999, for a detailed description of these forms and their
interpretations). The scale parameter defines the 63 percentile of the Weibull
distribution and is directly related to the modal fire return interval (MOl = b [(c-1)/c]*¢,
Grissino-Mayer, 1999). The shape parameter, c, determines the skeweness of the
distribution and also has an associated ecological interpretation: 1 < ¢ < 3 indicates that
the probability of fire increases with time-since-fire and suggests that fuel build up isan
important factor controlling fire occurrence (Clark 1989). ¢~ 1 yields anegative
exponential PDF, which indicates that the probability of fire does not change astime-
since-fire increases and suggests that variables not associated with fuels control fire
occurrence (e.g. large-scale climate variability; Johnson 1992). When 3.25 < ¢ < 3.61 the
Weibull distribution is approximately normal.

Clark (1989) described a method of fitting observed data with a two-parameter
Weibull distribution that utilizes maximum likelihood techniques, and the frequently used
program FHX(2) (Grissino-Mayer 1995) employs a similar maximum-likelihood based
technique for fitting fire-return-intervals distributions with Weibull models. Additionally,
analytical packages such R, S+ and MatL ab have pre-made functions that fit Weibull
parameters to observed data using maximum likelihood techniques. The maximum
likelihood approach is thus a commonly used means for fitting fire-return-interval data
with Weibull models. The likelihood ratio test described below relies on maximum
likelihood estimates and can thus be used on any set of distributions that were fit with

maximum likelihood techniques.
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Comparing distributions of firereturn intervals

Figure 8.1 illustrates the random variability inherent in fire occurrence data and
the potential to draw false conclusions from visual comparisons of fire frequencies.
While many studies have quantified fire-returninterval data using Weibull distributions,
few make explicit comparisons between different distributions (e.g. Clark et al. 1996,
Lynch et a. 2002, Gavin et a. 2006). There are at |east three possible methods for
comparing two populations of fire-returnintervals: (1) use a non-parametric test, such as
the K-Stest (e.g. Clark 1989, Gavin et al. 2006); (2) bootstrap confidence intervals for
each Weibull parameter generated from maximum likelihood fitting (e.g. Lynch et al.
2002); (3) utilize alikelihood-ratio test. The third method is the focus of this paper, and it
utilizes both parameters of the Weibull distribution. Norn-parametric tests are less
powerful than parametric tests, and generating confidence intervals and comparing
individual Weibull parameters only addresses one aspect of the distribution, in isolation
fromthe other parameter. Therefore, so long as the Weibull distribution yields a
satisfactory fit to the observed data, the likelihood ratio test described here should
provide a more powerful test than previously used methods by utilizing information on

both the b and ¢ parameters.

A likelihood ratio test for comparing Weibull distributions

When comparing two populations of fire return intervals with the likelihood ratio

test we explicitly test the following null hypothesis against its aternative:
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H,:b =b, ANDCc =c,
H,:h* b, ORcc,

The likelihood-ratio test relies on atest statistic, T, computed by taking the ratio of (1) the
maximum likelihood estimate (MLE) under the constraints of the null hypothesis and (2)
the MLE with the constraints of the null hypothesis relaxed. This is analogous to
conceptualizing the null hypothesis as a simplified model with only two parameters (i.e. a
single Weibull a and b parameter), and the alternative hypothesis as a more complex
model, with four parameters (i.e. two distinct Weibull a and b parameters). The MLEs are
those parameters that maximize the likelihood function, which itself depends upon the
unknown parameters (b and c) of the probabilistic data-generating process. In practice,
the logarithm of the likelihood function is used, but ML Es maximize both the ordinary
likelihood and the log likelihood function. The log-likelihood function for the two-

parameter Weibull transformation is:
I:IogL:IogElf(b,c|ti):ién=llogf(b,c|ti) (2
The test statistic for the likelihood ratio test, T, is:
T=20, - 14)) = 2y, +h - 1) (3
where | H, and l,,, are the MLEs obtained by fitting a separate Weibull model to the data

from each population, and IHO is obtained by fitting a single Weibull model to the

combined dataset. If the true parameters for each population are equal, then the
distribution of T should be approximately Chi-Square with k degrees of freedom, where k
is the total number of parametersthat differ between Hy and H; (k = 2 when comparing a

two-parameter model to a four-parameter model). The null hypothesisisrejected when T
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Is greater than a Chi-Square value with k degrees of freedom at the 1- a percentile,

where a is the pre-specified significance level.

In practice, and particularly for small sample sizes, the true distribution of T under the
null hypothesisis unknown, but it can be estimated using permutations. Under the
assumption of the null hypothesis (i.e. no difference between two populations), one can
permute the labels of Population 1 and Population 2 and obtain a new data set as likely as
the original data set. Repeat thisfor J trials, for each trial compute a new statistic Tj, and

record Hj:

H,=1 T,<T
H,=0 T,3T

where 1 and O correspond to rejecting or failing to reject the null hypothesis, respectively.
Using the newly computed statistics, Tj, one can approximate the probability that the two
populations do not differ by taking the proportion of trials where the null hypothesis was
rejected. If the two populations truly differ, then Tj should be smaller than T most of the
time (i.e. H, = 1) and thus the approximated p-value should be small. Using the
permutation test, the null hypothesisis rejected when the approximated p-value is smaller

than a, where a is the pre-specified significance level (Fig. 8.1).

METHODS

Sample-size power analysisfor thelikelihood ratio test

To determine (1) the relationship between sample size and statistical power for

the likelihood ratio test, and (2) the power of the likelihood ratio test relative to two
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aternative techniques, | used a simulation approach to calculate statistical power for a

variety of sample sizes and populationto-popul ation comparisons. Analytical approaches
are not available for al three methods, and therefore the simulation approach was
desirable. Each sample-size — power comparison was done using a single Weibull shape
parameter, c.

For a given shape parameter, ¢, | constructed a base population by generating n
random numbers from a Weibull distribution with a given scale parameter, b. This base
population was compared to five other populations, generated in the same fashion, but
where b increased by 25% each time. Thus, the base population was compared to Weibull
populations with a b parameter that increased by 25,50...125%. For each comparison, |
conducted one of three “tests’ to test the null hypothesis that the two populations came
from the same Weibull distribution (tests are described below). | repeated this process
1000 times and used the proportion of times the null hypothesis was rejected as an
estimate of statistical power: 1-13, where [ is the probability of falsely accepting the null
hypothesis. To evaluate how statistical power changed with sample size, the above
procedure was repeated for 10 different sample sizes, n, where n = 10, 20...100.

| used three different statistical tests to test the null hypothesis of no difference
between each population compared, with an alpha level of 0.10 for each test. First, | used
the likelihood ratio test, as described earlier, with the p-value estimated via 100
permutations. Second, | used 1-alpha percent confidence intervals on the Weibull b
parameters estimated via maximum likelihood techniques, and | rejected the null
hypothesis when these confidence intervals did not overlap (Lynch et a. 2002). The

confidence intervals were generated by resampling the original data, with replacement,
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100 times. The third approach was simply a two-sample K-S test, which makes no

assumptions about the underlying distribution from which the data came (Clark 1989).
Finally, for the likelihood ratio test only, | repeated the sample-size power
analysisusingc =1, 2, 2.5, and 3, to illustrate how varying c parameters affect sample-
size — power relationships. This serves as atool for coarsely evaluating the statistical
power of comparisons made viathe likelihood ratio test and for designing future studies

that seek to discriminate between two potentially different fire-frequency regimes.

RESULTS

For any given comparison at any sample size, the likelihood ratio test is the most
powerful statistic, followed by the “ confidence interval” test and lastly by the K-S test
(Fig. 8.2). At sample sizes below < c. 50, the likelihood ratio test utilizing permutations
to estimate p-values is slightly more conservative with respect to rejecting Ho (i.e. ~ 5%
less powerful) than the likelihood ratio test using p-values derived from a Chi-Square
distribution. Statistical power increases by approximately 5% or more for any comparison
between these different tests. In some cases the difference between the K-S, “confidence
interval”, and likelihood ratio test is greater than 15%. All methods share the same
characteristic relationships between sample size and power: power increases with sample
size, and the rate of increase becomes greater as difference between two populations
increase (Fig. 8.2). When comparing populations with a +25% or -20% change in the
mean fire-return interval (mFRI), particularly for the two least powerful tests, the results
did not stabilize after 1000 simulations (Fig. 8.2). With this simall difference between

populations, all methods have generally low power for most sample sizes.
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The relationship between sample size and power is strongly dependent upon

the shape of the FRI distribution, characterized by the Weibull ¢ parameter (Fig. 8.3). As
c increases, the variance in the distribution decreases, and it therefore becomes easier to
separate two distributions with fewer samples. The impacts of varying ¢ parameters on
statistical power are not negligible and can be as large as the impacts of samples size

itself.

CONCLUSIONS

Comparing two fire-frequency regimes implicitly tests the null hypothesis that the
two populations do not differ. Given the high variability of fire-return-interval data,
statistical tests accounting for this variability are useful tools for drawing inferences on
fire regimes. In the absence of an explicit statistical comparison, the possibility of
drawing false inferences on change (Type | error) or lack of change (Type Il error) in fire
regimes are unknown. Given that fire history studies frequently use Weibull models to
describe fire-return-interval data, it islogical to utilize all the parameters associated with
this model when making statistical comparisons, so as to maximize statistical power. The
likelihood rati o test presented here does just that, and the sample-size power analysis
clearly indicates that it provides a more powerful test than those previoudy used (Clark
1989, Lynch et al. 2002, Gavin et al. 2006)). Thistest is applicable to datasets generated
from stand-ages, fire scars, or sediment-charcoal records, so long as the assumptions
outlined above are met (see “Comparing distributions of fire return intervals’). The
choice to use a permutation test or a Chi-Square distribution to obtain the probability of

Type | error (i.e. p-value) has negligible effects at larger samples sizes (* 50 samples per
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population). At smaller samples sizes, however, the permutation test is a more

conservative estimate of p-values, and may be more appropriate than assuming a Chi-
Square distribution.

The relationships between sample size and statistical power (Fig. 8.2) have
important theoretical and practical relevance. First, detecting small changesin fire-
frequency regimes (e.g. <25% change) will require unusually large sample sizes (> 50
fires per population). Thisisrelevant to studies attempting to quantify impacts of short-
term climatic changes (e.g. Little Ice Age, or current global warming) on fire-frequency
regimes. In order to obtain sufficient statistical power, one must increase the time and/or
space over which fires are sampled, which forces researcher to evaluate the assumptions
of uniform variability in these domains. Eventually, a maximum temporal and/or spatial
domain will be reached, and it will be impossible to sample additional fires without
violating assumptions of uniform variability. Thus, over short ti me periods, it is entirely
possible that the impacts of climate on fire-frequency regimes (NOT fire occurrence)
could never be detected.

Theoretically, a minimum sample size required to discriminate between two fire-
frequency regimes implies that the concept of afire regimeisonly relevant at particular
gpatial and temporal scales. That is, if one cannot meaningfully define afire regime
without X number of return intervals, then the fire regime does not exist practically until
X+1 fires occur. Ecologically, this fact will be magnified in systems where fires are
infrequent. It makes little sense, therefore, to think about changesin fire regimes at some

spatial and temporal scales. This scale should depend upon the spatial variability in biotic
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(e.g. vegetation) and abiotic (e.g. topography) features, and on the temporal

variability in fire occurrence (relative to the temporal variability of climatic changes).
Finally, the sample-size power analyses conducted here serves as atool for
planning future research that aims to detect changes in fire-frequency-regimes.
Specifically, based on the potential or anticipated changesin fire frequencies between
two populations (e.g. time periods, or geographic regions), one can assess the number of
fires needed to obtain sufficient statistical power for discriminating different regimes.
The lower four x-axesin Fig. 8.2 indicate the approximate time needed to sample in order
to obtain the number of fires indicated on the primary x-axis, and thus to obtain the
statistical power indicated on they axis. Fig. 8.3 can be used to estimate statistical power
for awide range of comparisons, where sample size and both Weibull b and ¢ parameters

vary.
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Figure8.1. (a) Fire events derived from random samples of two Weibull distributions (population A,
Weibull b =100yrs, ¢ = 1.5; population B, Weibull b = 150 yrs, ¢ = 1.5) illustrating the variability inherent
in fire occurrence data and the potential to draw fal se conclusions from visual comparisons of fire
frequencies. Fire frequencies, in this case at 500 year time scales, vary randomly despite no changein the
distribution parameters from which the samples came from, and thus the two populations appear similar at
times and distinct at other times. The same principle holds when the sampling unit is space instead of time.
Thetwo left columns summarize fire-return intervals from 0-2000 (b, ¢), 0-4000 (e, f), and 0-6000 years (h,
i), for populations A and B (left and center column, respectively), illustrating the effects of sample size on
characterizing fire-frequency regimes. The right column illustrates the decision rule used in the likelihood
ratio test to reject or accept the null hypothesis of no difference between populations. The likelihood ratio,
T, form one comparisonis compared to (1) the distribution of T, values from 1000 permutations (grey bars),
representing the same test under the constraints of the null hypothesis of no difference between

populations, or (2) the probability of obtaining the given T value from a Chi-Square distribution with k = 2
degrees of freedom (black line). If the two populations are truly different, the observed T will be unlikely to
occur in the permutation tests. Each row (d, g, j) illustrates the increased power obtained as sample sizes
increase: although the null hypothesisistruly wrong, comparisons from 0-2000 yrs fails to detect this
difference(dvs. g, j).
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Figure 8.2 (a). Power asafunction of sample sizefor (a) the two-sample K-Stest, (b) comparing 100* (1-
apha)-percent confidenceintervals, (c) the likelihood ratio test using 1000 permutations to calculate p-
values, and (d) the likelihood ratio test using a Chi-Square distribution to calculate p-values. Each line
represents a different magnitude of change in Weibull b parameters (directly related to the median return
interval). The lower four x-axes indicate how many years are required to obtain the number of fires
indicated on the primary x-axis, assuming the mean fire return interval (MFRI) indicated on the left of the
given secondary x-axis.
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MATLAB FUNCTION FOR THE LIKELIHOOD RATIO TEST

To use the following function, save the scrip below as a Matlab function (*.m) and put in
the current working directory. Y ou must pass the function three variables:

1. FRI_data: observed (fire) return intervals organized in columns, where each
column (j) represents one population that will be compared to al other
populations, and each row (i) is an observed return interval. Empty cells must
contain “NaN’, such that the final matrix has no blank values.

2. apha specifiesthe significance level for the test, e.g. 0.05.

3. n_perm: specifies the number of permutations to use in the permutation test to
estimate the probability of Typel error, p. If sample sizes are large (e.g. > 30),
you can set n_perm equal to 0, in which case p is calculated from a Chi-squared
distribution.

For example, in Matlab, you would define these variables, and then enter in the command
line:[H P,N] = wbl _LRT (com FRI's, al pha, n_perm

After the function has run (which can take afew minutes, depending on the value of
n_perm), thiswill return two matrices, H and P, where each row (i) corresponds to
populations 1 through n-1, where nis the total number of populations being compared
(i.e. columnsin FRI_data), and each column (j) corresponds to populations 2 through n.
The values in the matrix are the results of comparing population i to population j, and
therefore half of the matrix will be blank (NaN). The variable P contains the probability
of Type error, and the matrix H containsa“1” where the probability of Typel erroris<
alpha, and a 0 otherwise. The variable N contains the number of return intervalsin each

population (column) in FRI_data.

The symbol “%" signifies code that is commented out. Text following “%” isto be read
to help understand what the function is doing.
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function [H,P,N,T] = wbl_LRT (FRI_data,alpha,n_perm)

% wbl_LRT.m

% Compare two populations Fit with Weibull distributions using a

% Likelihood-ratio Test to test Ho: bl = b2 AND cl = c2 against Ha: al ~= a2
% OR bl ~= b2, where b and c are the maximum likelihood estimates for the

% scale and shape parameters, respectively, for each hypothesized

% population (1,2...n).

% The likelihood-ratio test statistic, T, = 2(logLike(H1) + logLike(H2)-
% logLike(Ho))

% IFf the true parameters of Ho and Ha are equal, then the distribution of T
% is approximately chi-square with n-2 degrees of freedom, where n is the
% number of observations in both populations.

% If n_perm is set to 0, then:

% This T is compared to a Chi-squared distribution with k degrees of

% freedom (where k = 2 = # of additional parameters in H1l relative to HO),
% and a p-value is derived. If p < l1l-alpha, then HO is rejected.

% If n_perm > 0, then:

% In practice, the distribution of T under Ho is unknown, so we estimate
% 1t using a permutation test. Under the assumption of Ho, we select N1,

% N2, and N1+N2 samples from a permuted Ho dataset. We then calculate the
% likelihood ratio statistic in the same fashion as under Ha.

% We do this n_perm times and compute a new statistic T(J) for each

% permutation. Using the newly computed statistics (T(J), Tg+1)...

% T(n_perm))we can approximate the p-value to test Ho:

% p = 1/n_perm * (sum(T@) > T)), where “"(sum(T() >T))" represents the

% number of times a randomly generated permutation results in a log

% likelihood difference greater than the log likelihood difference observed
% in the original dataset. If the two distributions are truly different,

% then the statistics from the permutations, T(j), should be smaller

% than T most of the time.

% CREATE VARIABLES AND SPACE FOR NEW VARIABLES

[n m] = size(FRI_data); % dimensions of incoming dataset, with n rows
% of fire return intervals, and m columns
% of populations

H = NaN(m-1,m-1); % space for hypothesis test results: 1 = reject
% 0 = Fail to reject, assuming alpha

P = NaN(m-1,m-1); % space for p-value to go for each comparison

N = NaN(1,m); % space for N (sample size) of each population

% COMPARE EACH POPULATION TO EACH OTHER

for i = 1:m-1 % for each population, popnl
disp (["popn. comparison ",num2str(i)," of " ,num2str(m-1)]) % display
% the comparison being made on screen
for k = 1+1:m % for each population being compared to popnl, popn2
% define the populations

popnl = FRI_data(FRI_data(:,i)>0,1i); % population 1

popn2 = FRI_data(FRI_data(:,k)>0,k); % population 2

popn_Ho = [popnl; popn2]; % combined population, Ho
nl = length(popnl); % N for population 1

n2 = length(popn2); % N for population 2

nHo = nl+n2; % N for Ho population

% estimate Weibull a and b parameters with maximum likelihood method

param_popnl = wblfit(popnl); % MLE for Weibull b and c parameters
% for popnl

param_popn2 = wblfit(popn2); % same For popn2

param_Ho = wblfit(popn_Ho); % same for popn_Ho

% compute negative log-likelihood values for each population

NLL_popnl = -1*wbllike(param_popnl,popnl); % negative log-likelihood
% for popnl

NLL_popn2 = -1*wbllike(param_popn2,popn2); % negative log-likelihood
% for popn2

NLL_popn_Ho = -1*wbllike(param_Ho,popn_Ho); % negative log-likelihood
% for popn_Ho

% Calculate likelihood ratio statistic, T

T = 2*(NLL_popnl + NLL_popn2 - NLL_popn_Ho);

if n_perm ==0 % if n_perm = 0, derive p-value from Chi”2 distribution
% compute likelihood ratio statistic, T
T = 2*(NLL_popnl + NLL_popn2 - NLL_popn_Ho);
P_val = 1-chi2cdf(T,2); % p-value derived from chi squared
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end
end

% distribution

P(i,k-1) = P_val; % Fill in P matrix with p-values
if P_val < alpha
H(iL,k-1) = 1; % if P is less than alpha, make H = 1
else
H(i,k-1) = 0; % else make H = 0O
end
else % if n_perm ~= 0, derive p-value from permutations

% Calculate n_perm T() statistics to calculate p-value for each

for

end

P(i

N(D) =

% comparison
J = 1:n_perm % for each permutation, j
perm = randperm(length(popn_Ho)); % random permutation of the
% combined dataste (popn_Ho)
Ho_perm = popn_Ho(perm); % Ho population for this permutation
% is the permutations selected from popn_Ho
popnl_perm = Ho_perm(1:length(popnl)); % popnl for this
% permutation is the first length(popnl) values from Ho_perm
popn2_perm = Ho_perm(length(popnl)+1:length(Ho_perm)); % popn2 for
% this permutation is the remaining values from Ho_perm

% compute negative log likelihood values for each population
NLL_Ho_perm = -1*wbllike(wblfit(Ho_perm),Ho_perm); % negative
% log-likelihood values for Ho_perm
NLL_popnl_perm = -1*wbllike(wblfit(popnl_perm),popnl_perm);
% negative log-likelihood values for popnl_perm
NLL_popn2_perm = -1*wbllike(wblfit(popn2_perm),popn2_perm);
% negative log-likelihood values for popn2_perm

T _perm) = 2*(NLL_popnl_perm + NLL_popn2_perm - NLL_Ho_perm);

% T statistic for this permutation, j

% Find p-value for this comparison
P_val = 1/n_perm * sum(T_perm > T); % P is the number of time T_perm is

% greater than T, divided by the total number of permutations.

,k-1) = P_val; % Fill in P matrix with p-values
if P

_val < alpha
H(i,k-1) = 1; % if P is less than alpha, make H = 1

H(i,k-1) = 0; % else make H = 0

% end code to calculate p-value
% Fill in N with n of popnl

N(length(N)) = n2; % Fill in the last value in N with n of popn2
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